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S Y N O P  S I S
The temperature dependence of the thermal strain in cross-ply 
glass fibre reinforced epoxy and polyester resin laminates has been 
determined from the deflection of unbalanced (0°/90°) composite beams. 
These results have been compared with those predicted from measured 
values of the linear thermal expansion coefficients and moduli of the 
individual plies. For the epoxy resin based laminates good agreement 
was found between the experimental and calculated values. For the 
polyester resin based laminates, however, the predicted values 
considerably underestimated the experimentally determined thermal 
strain.
The longitudinal and transverse expansion coefficients of dry 
post-cured unidirectional laminates made using these two resins were 
consistent with predictions from ^ the Schapery equations, provided the 
temperature dependence of the resin expansion coefficient was allowed 
for. Small quantities of absorbed water were found to significantly 
increase the expansion coefficient of the polyester resin while leaving 
that of the epoxy resin unaffected. As a result of this effect fully 
post-cured polyester laminates containing absorbed water demonstrated 
a significant increase in the transverse expansion coefficient with 
little change in the longitudinal value. Using values of the thermal 
expansion coefficient for a polyester laminate containing 0.15 wt% water, 
good agreement between predicted and experimental values of thermal strain 
was obtained. Therefore the large thermal strains reported for polyester 
cross-ply laminates can be explained by small quantities of water in 
the matrix resin which is not readily removed during post-curing. The
(ii)
sensitivity of the polyester resin to such small quantities of 
absorbed water is considered to result from a two-phase microstructure 
consisting of highly cross-linked nodules in a less densely cross-linked 
matrix.
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G L O S S A R Y  O F  S Y M B O L S
Variables
a Linear thermal expansion coefficient , (K_1)
Y Volume thermal expansion coefficient , (K_1)
U Moisture swelling coefficient , ( h 2o  _1)
V Poissons ratio
E Youngs modulus , (Pa)
G Shear modulus , (Pa)
K Bulk modulus , (Pa)
k Bulk modulus in plane strain , (Pa)
T Temperature , (°C, K)
Tpc Post-cure temperature , (°C, K)
T
g
Glass transition temperature , (°C, K)
Ts Softening temperature , (°C, K)
Ti Stress-free temperature , (°C, K)
T2 Temperature of measurement , (°C, K)
t Time , (Days, hours 
minutes, se
V Volume fraction , (%)
th
e Thermal strain , (%)
D Diffusion coefficient / 2 -1. , (mm s )
M Moisture fraction , (wt%)
M00 Equilibrium moisture content , (wt%)
M
s
Effective molar mass of hydrogen bond site , (Kg mol 1)
AC
P
Change in specific heat capacity , (J Kg"1 K-1)
(vii)
AHs Heat of solution , (J, mol )
iHv Heat of vaporisation , (J, mol 1)
0 Angle relative to fibre axis , ( ° )
a Stress , (Pa)
e Strain , (%)
L TMA specimen length , (mm)
AL Change in specimen length , (mm)
P Density , (gm cm 3)
W Weight , (Kg, gm)
N Number of plies in a unidirectional laminate
C Number of tows per unit width
F Tow weight per metre , (Kg m 1)
b 0° ply thickness , (m, mm)
2d 90° ply thickness , (m, mm)
h = (b + d) , (m, mm)
R Radius of curvature , (m, mm)
Y (0°/90°) beam length , (m, mm)
w (0°/90°) beam width , (m, mm)
2x (0°/90°) beam chord length , (m, mm)
6 (0°/90°) beam maximum displacement from flat , (m, mm)
note:
Property (T), that property measured at temperature, T 
e.g. am (T)
Property (t), that property measured after time, t 
e.g. M(t)
(viii)
2. Subscripts 
c 
f
g 
i 
I 
m
P 
r 
t
composite
fibre
glassy phase (below T )
©
interphase
parallel to main fibre axis 
matrix
particulate filler
rubbery phase (above T )
g
transverse to main fibre axis
3. Superscripts 
(overbar) 
radial 
axial
, volume average value 
, transverse to main fibre axis 
, parallel to main fibre axis
(ix)
C H A P T E R  1
INTRODUCTION
Continuous fibre unidirectional laminates exhibit low transverse 
strengths making them unsuitable for most real applications. Therefore 
to make full use of the fibre properties a typical fibre composite 
laminate is made by stacking several unidirectional plies at varying 
angles. Such laminates may be characterized by the stacking sequence 
given normally in terms of the angle between the fibre axis of each ply 
and the major load bearing axis of the laminate. For example the 
stacking sequence (0°/90o/0°) corresponds to a central ply with its 
fibres oriented at 90° to its neighbours which both have their fibres 
running parallel to the major axis of the laminate. During the final 
stages of fabrication it is normal to cure and/or post-cure the laminate 
at an elevated temperature to obtain the optimum properties of the 
resin matrix. However on cooling to room temperature thermal strains 
develop within the individual plies of the laminate. These strains are 
a direct result of the anisotropic thermal expansion behaviour of the 
unidirectional plies that make up the laminate.
The presence of such thermal strains has a major influence on the 
overall performance of angle-ply laminates. For example, tensile thermal 
strains can develop transversely to the reinforcing fibres leading to 
the formation of transverse cracks at applied strains significantly lower 
than would be required in the absence of thermal strains. In cross-ply 
laminates, where the angle between fibres in adjacent plies is 90°, it 
has been found (1,2) that although such transverse cracks do not cause
1
immediate failure of the laminate they can appreciably affect the long 
term stress corrosion cracking resistance of the principal load bearing 
plies.
The thermal strains present in the longitudinal direction of the
transverse ply of glass fibre-reinforced epoxy and polyester cross-ply
laminates have been reported to be significantly different (1,2).
Typically, thermal strains of 0.28% (2) and 0.45% (1) were recorded for
fully post-cured epoxy and polyester laminates respectively, although
the same glass fibres were used in the fabrication of both laminates.
This difference in the level of thermal strain could not be readily
explained because the glass transition temperature T of the epoxy resin
©
based laminates was significantly higher than that of the polyester 
laminates but less thermal strain was induced on cooling to room temperature.
The work presented in this thesis is aimed at explaining why the 
observed thermal strains in cross-ply laminates based on a free radical 
cured unsaturated polyester, Crystic 272 (Scott-Bader and Co Ltd) are 
larger than those in equivalent laminates from an anhydride cured epoxy, 
Epikote 828 (Shell Chemicals Ltd) . To this end the temperature dependence 
of the expansion coefficients of the two resins and their unidirectional 
glass fibre laminates have been studied. From the equations of Parvizi (3) 
the temperature dependence of the transverse thermal strain developed 
in a 0°/90°/0° cross-ply laminate has been calculated using experimentally 
determined values of laminate expansion coefficients. These are compared 
with experimental values of thermal strain obtained from the curvature 
of an unbalanced laminate beam (4).
For the epoxy based laminates good agreement was found between the 
measured and calculated values of thermal strain. For the polyester 
laminates, however, agreement was not obtained and even when the
2
temperature dependence of the laminate expansion coefficient was allowed 
for the predicted values of,thermal strain still considerably under-estimated 
the measured values. However small quantities of absorbed water were 
observed to increase the thermal expansion of the polyester resin and its 
laminates. (For the laminates the expansion transverse to the fibres, 
at increased while that parallel to the fibres, a^, was unaffected.) 
Calculations show that this effect can account for the measured thermal 
strains in polyester laminates. This conclusion is supported by the 
experimental observation that reducing the moisture content in a cross-ply 
polyester laminate correlates with a reduction in the thermal strain 
developed at room temperature.
3
C H A P T E R  2
LITERATURE REVIEW
In this chapter the origins of thermal strains and the factors 
affecting their magnitude are discussed in relation to the available 
literature. Section 2.1 describes the mechanisms by which thermal strains 
develop in fibre reinforced composites. The distinction is drawn between 
the micromechanical thermal strains in unidirectional composites 
(section 2.1.1) and the thermal 1 restraint1 strains present in angle-ply 
laminates (section 2.1.2) which are the subject of this thesis.
The level of thermal strain in an angle-ply laminate is related to 
the anisotropic expansion of the individual plies. As a result the 
various theoretical equations which have been developed to predict the 
expansion behaviour of fibrous composites are reviewed (section 2.2).
The validity of these equations, in terms of agreement between experimental 
and predicted values of longitudinal and transverse expansion coefficients 
of various unidirectional fibre/matrix composites is examined.
During the experimental measurement of the thermal expansion of the
polyester resin and its laminates, absorbed moisture was observed to
increase the values of a and a. (but not a„). Section 2.3.1 outlines them t Z
effect of absorbed moisture on the level of thermal strain in angle-ply 
laminates. Additional effects of absorbed moisture, such as the reduction 
in the resin glass transition temperature, T , and change in expansion
O
coefficient, are reviewed in section 2.3.2. Finally, in section 2.3.3, 
the mechanism of moisture diffusion in polymer composites based on 
thermosetting resins is considered with reference to the resin microstructure 
and possible resin/water interactions.
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2.1 Thermal Strains
2.1.1 Unidirectional laminates
The linear thermal expansion coefficient, a, of a unidirectional
laminate consisting of aligned continuous fibres in a resin matrix is
anisotropic. In the direction parallel to the reinforcement a is
controlled largely by the fibres, whereas at 90° to the fibres a is
dominated by the properties of the matrix. In most cases the expansion
coefficient of the matrix, am , is much larger than that of the fibre, a^,
with the result that the transverse expansion coefficient of the laminate,
at, is much larger than the longitudinal coefficient, (section 2.2).
An important consequence of the difference between a and a£ is that
m r
cooling of the ply from an elevated temperature, such as after post-curing, 
will induce thermal strains at a micromechanics level. These strains 
occur because the contraction of the matrix is restrained by the fibres to 
which it is bonded, and are observed to be three dimensional in nature (5). 
Instrumented model fibres (6) and hollow glass spheres (7) have been 
used to obtain information about the distribution and magnitude of such 
strains around embedded inclusions. Two and three dimensional photoelastic 
analyses of model unidirectional laminates (5,8-11) suggest that the sign 
and magnitude of the stresses associated with these strains depend 
critically on the fibre volume fraction and fibre packing geometry. Two 
extreme cases have been identified; the first in which the resin completely 
surrounds the fibres (8) and second where the fibres surround a tricorn 
of resin (10). These are illustrated schematically in Figure 2.1.
In the first case the resin/fibre interface is under compression while 
the resin around the fibre will be in both radial and axial tension.
Outwater (12) has shown that the axial tension can approach 200 times the 
radial component and lead to kinking of the fibre, which is in compression.
5
( a)
Figure 2.1 : Schematic illustration of the two extreme cases of fibre/matrix 
arrangement in a continuous fibre unidirectional laminate;
a) single fibre surrounded by a continuous resin matrix
b) a tricorn of resin surrounded by fibres.
«i
Figure 2.2 : Model (0°/90o/0°) cross-ply laminate
6
This kinking is reversible and disappears on heating the ply. In the 
second case, provided there is adhesion between fibre and resin, the resin/ 
fibre interface will be under tension, with the resin also in radial and 
axial tension. Haslett and McGarry (13) have found that at fibre spacings 
comparable to those found in laminates, the axial stresses are of a much 
lower magnitude than in the first case and are comparable to the radial 
stress.
It should be pointed out that most laminates would be expected to 
show a variation in local fibre volume fraction ranging from case 1 to 
case 2 as described above. As a result a very complex internal stress 
state can exist. Thus any debonding or surface traction that occurs must 
be connected with the size and magnitude of the stress at the fibre/matrix 
interface. The effect of such local stresses on the mechanical behaviour 
of the laminate has been discussed by several authors (14-17).
Outwater (14) has postulated that any tensile forces which exist at 
the fibre/matrix interface can lead to cracks between and within fibre 
bundles reducing the strength of the laminate. Broutman and McGarry (15) 
found that the bond strength of fibre-reinforced plastics tested in 
compression depended upon the temperature at which the composite had been 
cured. Similarly Koss and Copley (16) found that the yield stress of a 
unidirectionally solidified eutectic was larger in compression than tension 
because of the tensile strain which developed in the matrix on cooling 
from the fabrication temperature. In contrast Ishikawa (17) concluded 
that the presence of such residual strains did not affect the strength of 
unidirectional composites provided the fibre/resin interface bond strength 
was sufficiently large.
It is important to note that these residual thermal strains are 
inherent in a unidirectional ply exposed to a change in temperature and
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cannot be 'annealed out* at elevated temperatures because on cooling they 
will reappear. However it is possible to reduce the magnitude of these 
strains by keeping both (a - a^) and (T  ^- T2), the difference between the 
post-cure and service temperatures, as small as possible.
It is possible to take account of such thermal strains by measuring 
the required mechanical properties of a unidirectional ply post-cured 
at the relevant temperature. In this study these micromechanical thermal 
strains are assumed to be an inherent part of the mechanical properties 
of an individual ply and no attempt has been made to resolve the individual 
components.
2.1.2 Angle-ply laminates
For most real applications it is unusual for the highly anisotropic 
unidirectional laminate to be suitable and so angle-ply laminates are 
utilized. The construction of a typical fibre reinforced plastic angle-ply 
laminate involves stacking several unidirectional plies and varying the 
angle of orientation between adjacent layers. Probably the simplest 
example of an angle-ply laminate is the (0°/90°/0°) composite shown in 
Figure 2.2, and which is referred to here as a cross-ply laminate.
This consists of a 90°, or transverse, ply between two 0°, or longitudinal, 
plies the angle between fibres in adjacent layers being 90°. Production 
of the finished laminate generally involves curing, and possibly post-curing 
at elevated temperature to optimize the resin properties. On cooling to 
the service temperature thermal strains develop within the individual 
plies of the laminate. Such strains are the direct result of the mismatch 
in thermal expansion of plies of different orientations. These should not 
be confused with the thermal strains, and associated stress, present in 
unidirectional plies (section 2.2.1) which are the result of the mismatch 
in expansion between the fibre and matrix. Daniel and Co-workers (18-20)
have used the term ’restraint strains1 to describe these thermally 
induced strains since they result from the difference between the 
un-res trained expansion of a ply and the restrained expansion of that ply 
within the laminate. This may be illustrated by considering the simple 
balanced (0°/90o/0°) cross-ply laminate, shown in Figure 2.2, as it cools 
from an elevated temperature. In the longitudinal direction (parallel 
to the fibres in the 0° plies) the 90° ply will attempt to contract more 
than the 0° plies for a given reduction in temperature. Since the 90° ply 
is bonded to the stiffer 0° plies this contraction will be restrained 
and so the 90° ply experiences a tensile strain. Conversely the 0° plies 
are made to contract more in the longitudinal direction than their 
equilibrium amount and so are placed into compression.
The absolute value of thermal strains induced in each ply can be
predicted using the equations of Parvizi (3). This author gives the
thermal strain developed in the transverse ply in the longitudinal direction, 
th
t V  as
eTi = h b (ot -  V  <ti - t2> W - D
(E£ b + Et d)
Thus the magnitude of thermal strain depends on i) the ratio of 
moduli (E , E ) and thicknesses (b, d) of the longitudinal and transverse 
plies, ii) the difference in expansion coefficients (at - a^) and the 
temperature interval between the laminate stress-free temperature, T^, and 
the temperature of measurement, T£•
The presence of thermal restraint strains can have a major influence 
on the mechanical performance of an angle-ply laminate. Many authors 
have found that thermal strains can approach values comparable to the 
transverse ply failure strain. At best this reduces the strain that may
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be applied to the laminate prior to transverse cracking (1,4,18-25) and 
at worst can lead directly to failure of the transverse ply (26-28). 
Experimentally it has been found (1), that for a certain 0°/90O/0° glass 
fibre/polyester laminate (based on Crystic 272), the thermal strain in 
the transverse ply increases with the post-cure temperature. As a 
result the externally applied strain required to initiate the first transverse 
crack decreases. By adding the measured thermal strain to the applied 
strain it was found that,for this system, transverse cracking occurred at 
the same total strain regardless of the post-cure temperature. This 
observation brings into question the effectiveness of post-curing since 
the laminate demonstrates a reduced resistance to transverse cracking which 
is an important design property in applications involving stress corrosion 
resistance (1,2).
The thermal strains present in simple (0°/90°/0o) glass fibre epoxy 
resin laminates have also been investigated (2). These laminates were 
prepared using the same glass rovings as the polyester laminate (1) but 
the thermal strains which developed in the transverse ply were significantly 
different, typically 0.28% and 0.45% in the fully post-cured epoxy and 
polyester respectively. This difference in values could not be explained 
by different glass transition temperatures because the epoxy resin had
a significantly higher T but its laminates developed less thermal strain.
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It was this apparently inexplainable difference between the level of thermal 
strain developed in epoxy and polyester laminates that originated the 
work presented in this thesis. It should be pointed out that the values 
of thermal strain in glass fibre/epoxy resins specimens given by Rock (2) 
are larger than the values quoted by Bailey et al (4) . This is a result 
of the resin in the latter paper having a lower glass transition temperature 
which in turn was a consequence of the accelerator concentration and cure 
conditions employed (2).
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The effect of fibre type on the magnitude of thermal strains has 
been investigated by several authors (4,18-20) who have reported values 
of thermal strain for laminates of boron, carbon, Kevlar and glass fibres 
in a variety of matrices. Bailey et al (4) found that for (0°/90°/0°) 
laminates using the same epoxy resin the thermal strains generated were 
larger if carbon fibres were used in place of glass fibres. This is to 
be expected and results from the anisotropic expansion behaviour of 
carbon fibres. Daniel (18) has found that Kevlar fibres are even more 
anisotropic in their expansion behaviour with the result that Kevlar 
fibre laminates develop greater thermal strains than equivalent carbon 
or glass fibre reinforced laminates.
Two experimental techniques have been applied to the measurements 
of thermal strains in angle-ply laminates. The first method relies on 
measuring the curvature of an unbalanced cross-ply laminate beam from 
which the thermal strain in an equivalent symmetrical laminate may be 
calculated (1-4,21-25). In the second method strain gauges are attached 
to the individual plies of a laminate. The thermal strain is calculated 
from the difference between the expansion strains of the individual 
ply and that of the same ply within the laminate (18-20).
Both techniques have proved applicable to the measurement of thermal 
strains in cross-ply laminates and the results from both appear to be 
in agreement with.theoretical predictions in most cases. The strain 
gauge technique has the advantage that it enables the strain to be 
measured 'in situ' over a wide temperature range provided the specimen 
is instrumented and that calibration has been carried out. In comparison 
the unbalanced laminate beams are much simpler to prepare and the change 
in deflection with temperature can be followed easily using a travelling 
microscope. This technique also has the advantage that the stress free
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temperature, (the temperature at which strain first starts to build
into the laminate), can be measured directly since it corresponds to
the temperature at which the unbalanced beam first starts to deflect (21).
Hahn (22) has found that in many cases is lower than the post-cure
temperature and so limits the thermal strain that may be built into a
laminate. More importantly Daniel (18) has found that the strains
developed during cooling from the cure/post-cure temperature agree with
values recorded during subsequent thermal cycling. In addition he found
that the strains did not relax appreciably with time indicating that once
the laminate is cooled below T^, little or no stress relaxation can occur.
The definition of the stress and strain field that develops within*
an angle-ply laminate during fabrication is extremely complex. Throughout
curing/post-curing the resin is normally at or above its glass transition,
T , and so on initial cooling exhibits viscoelastic behaviour. Owing to 
8
the analytical complexities associated with such a response, attempts
to predict the development of thermal strain start at temperatures
sufficiently low that the resin can withstand a significant stress, ie
below T . In this regime time dependent response and chemical/mechanical 
8
interactions may be neglected, at least to a first approximation. For 
example, Hahn and Pagano (29) have proposed an analytical formulation 
in which the matrix response is assumed to be elastic with temperature 
dependent moduli. This is based on effective modulus theory in which 
the individual plies are represented as homogeneous anisotropic media.
It has been pointed out (30) that this is not valid in regions of large 
stress gradients since reinterpretation of the stress field is required. 
Despite this objection Pagano and Hahn (21) have found that the 
experimentally determined, room-temperature, deflections of various 
unbalanced angle-ply laminates are, within the limits of experimental 
accuracy, in good agreement with predicted values. Hahn (22) has extended
12
this analysis to include the effects of moisture swelling stresses.
A fuller discussion of moisture induced effects is given in section 2.3.
Bailey (4) and Parvizi (3) have derived equations for the thermal 
strain developed in the plies of symmetric (0O/90O/0°) cross-ply laminates 
based on purely elastic arguments. For this simple case, which is arguably 
a special case of the equation of Hahn and Pagano (29), they demonstrated 
that the thermal strain can be related to the radius of curvature of an 
unbalanced (0°/90°) laminate. This analysis has been shown to be 
acceptable for cases where the mechanical properties of the fibre and 
matrix are independent of temperature. The extension of these equations 
to include temperature dependent matrix properties is discussed in 
sections 3.2.2 and 5.2.
An extensive analysis of lamination residual stresses in angle-ply 
laminates has been given by Chamis (31). Using a linear laminate theory 
he presents results on residual stresses as a function of constituent 
properties, cure temperature and lamination angle. Using a similar 
approach Daniel et al (20) have computed the residual stresses in angle-ply 
laminates using anisotropic constitutive equations and taking into 
consideration the temperature dependence of the stiffnesses and strains. 
This approach enables the residual stress to be determined from 
experimental values of thermal strain but does not allow the magnitude 
of residual stress to be determined from first principles.
It has been noted (32) that the residual stresses within each ply 
must be equilibrated with interlaminar shear stresses transmitted from 
adjacent plies which may result in ply separation. Finite element 
calculations (32) suggest that the interlaminar shear stress and 
interlaminar normal stress increase significantly at the free-edge of 
finite width specimens. This can lead to edge induced delamination and
13
failure of typical angle-ply laminates under combined thermal and 
.mechanical loading. Since the equations used to predict thermal 
strain (27,3) give good agreement with experimental results (1,21) 
without including edge-effects it suggests that for the laminates studied 
such effects are small.
2.2 Thermal Expansion of Composites
2.2.1 Theory
In comparison to mechanical properties little has been published 
which relates the thermal expansion coefficients of a composite to the 
properties of its constituent phases. In the following, the adopted 
convention is that a is the linear and y the cubical coefficient of 
thermal expansion. This point is emphasised since considerable confusion 
exists in the literature where a is used to represent the linear and/or 
cubical coefficient. For a macroscopically isotropic composite
y = 3 a (2.2)'c c
Several approximate formulae exist for isotropic particulate filled 
composites, relating the composite expansion to that of the constituent 
phases. The correlation between experimental and predicted values 
depending on the specific system studied.
The volume expansion of a macroscopically isotropic and homogenous 
composite consisting of spherical grains suspended in, and bonded to, 
a uniform elastic medium has been analysed by Kerner (33) who gives
y = V y + V y “ ( y  - y ) V V 0 (2.3)c m 'm p 'p 'm 'p m p v y
where, 0 = (1/K ) - (1/K )’ m________p______________
(V KJ + + <3/A GJp m  m p m
and V = Volume fraction; K = Bulk modulus; G = Shear modulus
The subscripts m, p, and c refer to the matrix, particulate filler and
composite respectively.
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Examination of equation 2.3 shows that the term
(Y - Y J  v v  0m p m p
represents the deviation from the law-of-mixtures equation, and it
disappears when either y = y or K = K . It is to be noted thatm 'p m p
for any particular filler and matrix combination yc is solely a function
of Vp, and ignores any effect of particle size.
Several workers (34-36) have attempted to treat the case where 
no restriction is placed on the shape of the suspended particle. The 
earliest paper is that of Turner (33) who, based on the assumption of 
uniform strain and substantial residual microstress (resulting from the 
restraint of each phase on cooling) derived the equation,
y = y V K + y V K  
c m m m P P P (2.4)
V K + V K
m m p p
For the case when the Poissons ratio of the matrix, v^, equals that 
of the filler particles, v^, equation 2.4 becomes
y = y V E + y  V E (2.5)c m m m 'p p p v y
V E + V E
m m  P P
where E = Youngs modulus.
This equation is the modulus modified law-of-mixtures and satisfies
the conditions y = y if V = 0  and y„ = y if V =1. As with the'c 'p m 'c *m m
Kerner equation yc is a unique function of the volume fraction of the
dispersed phase, any effect of particle size being neglected. Despite
this Kingery (37) has shown that the Turner equation applies to at least
two ceramic systems 5 AJl/SiC^ and W/MgO.
In 1960, Thomas put forward the empirical equation,
ya = V ya + V y3 (2.6)'c m 'm p 'p
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The exponent 'a' may vary from -1 to +1, depending on the particular 
system. At these limits, the equation takes the form,
-  = !m + \
Yc Ym Yp
when a = -1
y = V y + V y (2.8)c m 'm p ' p
when a = 1.
These are formally analogous to the Reuss and Voigt bounds for 
composite moduli, respectively, and represent such wide extremes that 
most data can be accommodated within them. As the exponent 'a1 approaches 
zero the general equation 2.6 can be approximated by a series expansion 
in which only the first two terms are retained, and
Jin (yc) = Vm Jin (ym) + Vp Jin (yp) (2.9)
Price and Burkes (38) have found that experimental values of
thermal expansion for epoxy-glass microsphere composites, obtained by
thermomechanical analysis lie between upper and lower bound values set
by a = 1 and a = 0 respectively. Interestingly they found that composites
with microspheres of 41ym diameter and 125ym diameter had similar values
of expansion coefficient for a given Vp. This runs counter to the
experimental observation (39) that particle size can affect the value of y^.
Cribb (36) converted the problem of calculating yc to the related
question of calculating the bulk modulus, Kc of a composite. No limitations
were made on particle size and shape, each phase being considered
homogeneous, isotropic and linearly elastic. In order to obtain yc
knowledge of Kc is required and so the equation is more useful for
calculating K from y since the latter is an experimentally easier c c
quantity to determine.
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For a fibrous composite which is uniaxially aligned and has transverse 
isotropy,
Yc = o£ + 2 at (2.10)
For this case the relationship between a , a and the properties
Jv L
of the matrix and fibre reinforcement is required. Under certain
circumstances two transverse expansion coefficients and must
be defined, section 3.1.2, in which case y =* a„ + a . + o l 0.
'c I tl t2
A number of articles on the thermal expansion of unidirectional 
fibre-reinforced composites have several common assumptions.
These are:
1) Each individual ply is macroscopically homogeneous, linearly 
elastic and generally orthotropic.
2) The constituent fibres and matrix are linearly elastic and homogeneous.
3) The composite is void-free with complete bonding at the fibre-matrix
interface with no transition region between them.
4) The fibres are aligned and regularly spaced in a periodic array.
These assumptions lead to a simplified model of the actual ply.
As a result certain authors have relaxed some of these assumptions to 
account for such effects as random filament arrangement, fibre misalignment,
the existence of a transition region at the fibre/matrix interface, and
the possibility of time, temperature, and stress dependent matrix properties.
In an important paper Levin (40) derived the effective thermal 
expansion coefficients of two-phase anisotropic composites with isotropic 
phases. Exact relations for the longitudinal and transverse expansion 
coefficients of transversely isotropic unidirectional fibre-reinforced 
composites were determined using existing results for bounds on composite 
moduli. These may be written as:
17
cr = a + (a _ - a ) i f m'
(l/Kf - 1/Km)
3 (1 - 2 v21) V
m
K„ K
m
(2.11)
a. = a + (a£ - a ) 
t f m
(l/Kf - 1/Km)
3 v21 (1-2 v01)
21 ‘
V,- + Vf m
2k. Km
(2.12)
where, a = volume average expansion coefficient,
= Poissons ratio of the composite under axial loading,
kt = Transverse bulk modulus of the composite under phase strain.
Van Fo Fy (41) has derived exact equations for the expansion of 
matrices reinforced by a doubly periodicarray of hollow, or solid circular, 
continuous fibres of various diameters. The thermal expansion coefficients 
parallel and perpendicular to the reinforcing fibres are given as:
“* = “m -<Vaf> X£ { (1+V  Ef * Vfk -Cl+v >.0C'
   ^ k=l
-1
JI V E m m>}
(v -v ) 
v m V
“t “ °m " (°m - “»> V21 - (°m “ “f> (1 + V  ‘ (Vm " V21>
(v - V.) m £'
(2.13)
(2.14)
where,
-1
1^ = = the stiffness parallel to the fibres and
XI
is given by a series type equation in which only the first two terms are 
dominant (equation 11 in (41)) and so
X-1
X
n
K  v + Ec 2 m m  f . ,k=l
Vfk (2.15)
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For the case of fibres with the same diameter n = 1 and this 
equation reduces to the law-of-mixtures equation for longitudinal elastic 
modulus:
XT1 = E V + E- V* = E 0 (2.16)x m m f f £ '
Simple substitution into 2.(13) gives,
= %  “ (“m - “f> tt + V  Ef Vf -  d  + V  - W  (2-17>
(vm - V  E*
In contrast to the work of Levin and Van Fo Fy, composites with an 
arbitrary number of different constituents and arbitrary phase geometry 
have been analysed by Schapery (42). This method employs thermoelasticity 
theory in conjunction with existing predictions of effective mechanical 
properties. For unidirectional continuous fibre-reinforced composites 
this analysis yields exact solutions for a and a .X/ L
a„ = E a V + E. ar Vr (2.18)£ m m m f f f
E V + E,. V_ 
m m f f
“t = “m Vm (1 + V  + °f Vf (1 + Vf) ' ai V21 (2-19)
Equation 2.18 is the modulus modified law-of-mixtures and is 
formally analogous with the equation of Turner, 2.5, where no restriction 
is placed on the shape of the filler particles. Equation 2.18 is only 
exact when both fibre and matrix have the same Poissons ratio and 
therefore do not interact under longitudinal loading. When this condition 
holds the longitudinal modulus, E^, is given by the law-of-mixtures, 
equation 2.16, and the Van Fo Fy equation for a^, 2.17, becomes identical 
to equation 2.18. For a transversely isotropic composite the law-of- 
mixtures is normally a good approximation for (42).
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When V21 = (vm + vf Vf) t i^e Van Fo Fy equation for at, 2.14, reduces 
to that of Schapery, equation 2.19. (In fact the Schapery equation is 
derived from that of Van Fo Fy, equation 56 in reference (42).) Thus it 
can be seen that the simpler equations of Schapery are the same as those of 
Van Fo Fy providing E^ and are given by the law-of-mixtures.
Rosen and Ha shin (43) have reviewed the work of Levin (40) and 
expanded it to two phase materials of various geometries. In addition 
they have used thermoelastic energy principles to provide upper and lower 
bounds to the thermal expansion coefficients of anisotropic composites 
with any number of anisotropic phases. The bounds for the general case 
are complicated expressions which can be simplified by taking symmetry 
into account. For a unidirectional composite containing isotropic phases 
the equations reduce to those of Schapery (42).
Schneider (44) has computed the expansion coefficients of unidirectional 
fibre-reinforced composites by solving an elasticity problem assuming 
elastic isotropic phases. His equations for a^.and at are:
“f + (a “ a.)m r
(2.20)
cl = a - (a -a£) t m m f f2 (1 + v ) ( v j  m m - D C v E./E ^m f m I
(l/C) + (Ef/E ). t m
(2.21)
where C ={1.1 V^/(1-1.1 V^ )]-
n.b. equation 2.21 has been corrected for a typographical error in the 
original paper.
Equation 2.20 can be shown, by simple rearrangement, to be the 
modulus modified law-of-mixtures equation in agreement with 2.17 and 2.18.
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By contrast examination of equation 2.21 demonstrates that it is 
considerably more complex than those of Van Fo Fy and Schapery,
(equations 2.14 and 2.19). This is the result of Schneider*s 
recognition of the fact that there is a maximum value of fibre volume 
fraction that can be attained when packing aligned fibres of equal 
diameter. As a model of a unidirectional composite Schneider considered 
a hexagonal array of cylindrical fibres surrounded by a cylindrical 
covering of matrix, Figure 2.3. Based on this model he defined a 
* fictitious* fibre volume fraction Q* in which the matrix fillet between 
the cylindrical fibre/matrix elements is ignored. As a result the true 
volume of fibres in the composite, V^, is smaller than Q*, the relation 
between the two being = 0.907Q*. For the case of highest packing 
density all of the fibres touch so that Q* = 1 and hence = 0.907.
At this value of V^, which represents the physical limit of fibre packing, 
the fibres effectively become the continuous phase in the transverse 
direction and equation 2.21 reduces to give at = a^. This can be 
contrasted with the equation of Schapery which gives at = 1.
The predictions of these equations at high values of are generally 
only of academic interest since in real fibre reinforced composites 
rarely exceeds 0.75. However,it is important to note that for any given 
value of the Schneider equation, 2.21, predicts significantly smaller 
values of than the Schapery equation 2.19. This is illustrated in 
Figure 2.4 which shows predicted values of at and for a typical 
unidirectional glass/polyester laminate based on the various theoretical 
equations discussed here. Wang et al (45) have claimed that the 
equations of Schapery and Schneider for the transverse expansion 
coefficient can be approximated by the equation,
k  Q >'Q = (a / b )
—fibre
matrix
fillet
Figure 2.3 : Schneider’s model for a unidirectional composite consisting 
of an hexagonal array of cylindrical fibres surrounded by a 
cylindrical covering of matrix. The fillet of matrix between 
each element is ignored in calculating the "fictitious” fibre 
volume fraction Q*.
toI
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Figure 2.4 : Predicted values of at and for a unidirectional glass
"f
ar = 5 x 10 w K , v.
fibre/polyester laminate assuming = 4 GPa, = 72 GPa, 
a = 60 x 10"6 K"1, £ "6 ”1 m = 0.4 and vf = 0.22,m - f —  " ’ ’'m
The dotted line represents equation 2.22.
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This is the law-of-mixtures for the matrix in a state of plane 
strain and has been discussed by Schapery (42). Examination of Figure 2.4 
shows that Schneider*s equation for a^, 2.21, predicts significantly lower 
values than equation 2.22 and so the approximation of Wang et al appears 
to be of doubtful accuracy.
Wakashima et al (46) have predicted the overall thermal expansion 
characteristics of a two-phase material consisting of a matrix and aligned 
ellipsoidal inclusions. Explicit equations are obtained for inclusions 
of various shapes, which for the case of fibres are:
a = V a + V- a_ + (a -a ) V V.
£ m m  f f  v f m / m f H C - D 
A C-B D
Ef - 1 (2.23)
a = V a + V£ a. + (a. - a ) V V. t m m  f f  v f nr m f -
AC-BD
A - B \ Ef - 1 (2.24)
where,
A = Vm 2 v v. G. + 2 (1 - 2v.) G m f f _^_____ t m
(1 “ VJm
+ {2 V (1 - vf) G }
B = V
m
v G + (1 - 2v ) v G 
m i__________ t m m
(1 - v )m
■+ {2vf Y Gf}
C = Vm Gf + (1 - 2V  G„ 
- V
+ (2 vf Gf>
D = Vm
2 vp G. + 2 (1 - 2V.) v G 
f f f' m m
(1' V
{4 V vf Gf }
Comparison of equations 2.23 and 2.24 with equation 2.3 of Kerner 
shows them to be of the same form, ie law-of-mixtures modified by a term 
^f ^m a^f "* am^ ^ne P°^nt w^ich mitigates against the use of equations 
2.23 and 2.24 is their complexity and reliance on values of Poissons ratio
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and shear modulus for both matrix and fibre. Perhaps more disturbing 
is Figure 3 of reference (46) in which experimental values of a are 
plotted as a function of fibre volume fraction for a unidirectional tungsten 
fibre/copper matrix composite. In this figure a solid line is said to
represent fthe theoretical predictions1 based on given values of G, v, and a
for the W fibres and Cu matrix. However with this data in equation 2.23
values of greater than those indicated by the solid line, and in
worse agreement with the experimental value, are obtained. The solid 
line given by Wakashima et al appears to correspond to the modulus modified 
law-of-mixtures obtained by Schapery, Van Fo Fy and Schneider.
An analytical and experimental investigation of the thermal 
expansion of unidirectional composites has been carried out by Ishikawa 
et al (47). Their analysis is based on a regular fibre/matrix array with 
temperature dependent elastic modulii and thermal expansion of the 
constituents. The basic method consists of calculating the stresses 
induced in a unidirectional laminate by a small temperature increment.
These stresses are then substituted into the derived constitutive equations 
for a unidirectional laminate with transverse isotropy so that and a^ . 
can be determined. This procedure can be repeated successively for 
appropriate temperature increments, enabling the temperature dependent 
properties of the fibre and matrix to be modelled. Using this analysis 
they have found that calculated values of a based on a square or hexagonal 
fibre array are practically identical and can be predicted closely by the 
modulus modified law-of-mixtures. Values of at are also observed to be 
independent of the chosen fibre array, the calculated values for a glass/ 
epoxy composite being smaller than that calculated by Schapery, equation 2.19, 
and larger than that by Wakashima et al, equation 2.24.
Theocaris and co-workers relaxed the assumption that there is no 
transition region between the fibre and matrix and have introduced the
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concept of a boundary ’interphase* (48,49). In this model the fibre
is surrounded by an ’interphase1 material which in turn is surrounded by
the matrix. The interphase is seen as viscoelastic with thermal properties 
differing from those of both matrix and fibre. It is assumed the fibre 
and matrix carry only tensile stresses while the interphase carries only 
shear stresses. For the case where the interphase is homogeneous and 
isotropic the thermal expansion coefficients of the composite are given 
by modified forms of the Schapery equation,
or = E a V + E. a. V. + E* a. V. (2.25)I m m m______1 1__1______ f f f
E V + E. V. + Er Vrm m  1 1 f f
a = a V (1 + v ) + a. V. ( 1 + v.) + a,. Vr (1 + v,.) - a. v (2.26)t m m  m i l '  i' f f  f £ c
where,
= v_ + v. V. + v- Vf) ; V + V. + Vf = 1, c m m  1 1  f t  m i t
and, subscript i = interphase material.
When the interphase properties vary with distance from the fibre
surface the interphase is taken to be an infinite number of hollow
cylinders of radius r, thickness 6r, elastic modulus, E(r), and thermal
expansion a(r). The variation of elastic modulus is expressed as a function
of the distance, r, from the fibre surface by,
E (r) = Em + Ef J r ^ 1 - Em f r f ) Z2 (2.27)
V r /
where the two exponents £ 1 and £2 determine the degree of inhomogeneity 
of the interphase. Similarly,
a(r) = a E 
m m
E(r) (2.28)
Substitution of equations 2.27 and 2.28 into the integrated forms of 
2.25 and 2.26 allows the effect of interphase inhomogenity on and
to be determined. Using this technique viscoelastic resin behaviour can 
be modelled.
All of the elastic solutions mentioned above can be extended to
include linear viscoelastic materials by means of the correspondence
principle (50). Using this method Levin (40) derived the thermal
expansion coefficient for an isotropic composite with a viscoelastic matrix
represented by a two-element Maxwell model. Van Fo Fy and Savin (51)
have extended this to more realistic viscoelastic behaviour by means of an
infinite series of time operators. Schapery (42) has extended his original
elastic solution to include viscoelastic coefficients. This is achieved
using a quasi-elastic method in which elastic compliances are replaced
directly by corresponding relaxation moduli obtained from creep data.
Thus the axial expansion coefficient of a unidirectional composite of
elastic fibres and a viscoelastic matrix with a relaxation modulus E (£)m ^
and constant is given as,
a. (£) - E (£) a V + E, a,. V- (2.29)I m m m  f f f
E (O V + E-. Vr m m f f
where a (£) is the axial strain response due to unit change in temperature
X*
and £ is the so called reduced time.
Several authors (44,46) have found that the simple elastic equations
can be used successfully to predict the thermal expansion of unidirectional
composites at temperatures approaching the T of the resin without
©
considering viscoelastic effects. This requires knowledge of the variation 
of cxm with temperature and assumes to be independent of temperature.
This approach can be extended to include the variation of matrix modulus 
with temperature as discussed in section 5.1.2.
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o<
O<(0) = CX.cos2 8+Oc, sin2 0
ex
Figure 2.5 : Expansion coefficient of a unidirectional laminate as a 
function of off-fibre-axis angle, 0.
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At this point it should be pointed out that only a and a of
£ t
a unidirectional composite have been considered. When these values are
known a linear transformation law may be used to calculate the expansion
coefficient as a function of off-fibre-axis angle, 0, (Figure 2.5) where
2 2
a (0) = cos 0 + at sin 0 (2.30)
This has been used by several authors (44,45,47,52) to predict 
off-axis expansion coefficients and can be successfully extended to 
predict the expansion coefficients of balanced (±0) laminates (18,44,45,52).
2.2. 2 Experimental correlations
The application of the theoretical equations reviewed in section 2.2.1 
is hampered by the lack of experimental data with which to compare 
predicted values. In an attempt to rectify this situation Holliday and 
Robinson (39) compared the various equations available to predict the 
thermal expansion of particulate filled polymer composites with available 
experimental data. They concluded that equation 2.3, derived by Kerner, 
applies Vhen the dispersed particles are spherical, whereas for fibrous 
or plate-like particles equation 2.4 was more accurate.
For continuous fibre reinforced composites experimental data is 
limited and it is difficult to find expansion data for both a laminate 
and its constituent matrix and fibres. This problem is highlighted in 
a paper by Chamis and Sendeckyj (53) who cite nine authors as deriving 
equations for a and a of unidirectional fibrous composites. The predictions
L.
of each of these authors for the longitudinal and transverse expansion of 
a typical epoxy resin/E-glass fibre unidirectional laminate are compared 
graphically as a function of fibre volume fraction. No experimental 
values of and are included so that a direct comparison between 
the various theoretical predictions and experiments was not possible.
More recently a number of experimental studies on the expansion of 
both laminates and their constituents have been published. Two basic
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methods have been employed to carry out these measurements namely 
dilatometery (46,47,52,54-56) and strain gauges (18,45). The dilatometers 
used range from the simple specimen supported silica rod moving an.
L.V.D.T. (46,52,56), through the Leitz Dilatometer (55), to the interferometric 
dilatometer of Ishikawa et al (47). Commercial strain gauges have been 
found suitable for measuring the small thermal expansion of composites (18). 
Using this method it is necessary to separate the measured apparent strain 
into the component due to specimen expansion and the component due to changes 
in resistivity and gauge factor of the strain gauge with temperature.
In examining the available literature it is apparent that two different 
approaches have been used to correlate the predicted and experimental 
values of thermal expansion coefficient. Either the expansion coefficient 
is measured at room temperature over a range of fibre volume fractions 
or the expansion coefficient of a single laminates is determined as a 
function of temperature. It is important to emphasise that the application 
of the theoretical equations, based on elastic matrix/elastic fibres and 
constant values of and a^, to laminate with a temperature dependent 
expansion coefficient can only be carried out when the temperature 
dependence of the matrix properties is known.
In Schneiderfs paper (44) experimental values of and for a 
unidirectional glass-fibre reinforced epoxy resin laminate are compared 
with predicted values based on his derived equations, 2.20 and 2.21. Over 
the range of fibre volume fraction investigated, = 0.35-0.62, excellent 
agreement is found between the predictions and experiment.
Wang et al (45) compared experimental values of and for a carbon- 
fibre reinforced epoxy laminate, with those predicted by the equations of 
Schapery and Schneider. They found that the equations of Schapery and 
Schneider for were identical, and gave good agreement with experimental
29
values up to the T of the epoxy matrix. For the transverse expansion 
8
coefficient, a^, the equation of Schapery correlated well with experimental 
results, whilst the Schneider equation significantly underestimated the 
true values. It is of note that in this work the authors reported and 
as a function of temperature for a laminate with fixed fibre volume 
fraction, = 0.58. Predicted values were calculated using the known
temperature dependence of and Em and assuming that for carbon fibres 
is temperature independent.
Baker and Bragg (54) have used the modulus modified law-of-mixtures, 
equations 2.17, 2.18 and 2.20, to successfully predict the longitudinal 
expansion of directionally solidified A£-Cu AJ^ eutectic. As indicated in 
section 2.2.1, this equation is also in good agreement with experimental 
values of obtained by Wakashima et al (46) for a unidirectional tungsten
fibre/copper matrix composite. It is of note that values of calculated 
for this composite using equation 2.2 3 (derived in (46) specifically for 
fibrous composites) are in worse agreement with the experimental values 
than the modulus modified law-of-mixtures.
The thermal expansion behaviour of unidirectional Kevlar 49/epoxy 
resin laminates has been reported by Strife and Prewo (52). They found 
that experimental values of were lower than those calculated using the 
equation of Schapery, (2.18). However they concluded that this resulted 
from a more negative axial expansion coefficient, , of Kevlar 49
fibres than was reported by the manufacturer. In order to apply the 
Schapery equation for to a laminate it is assumed that the reinforcing 
fibres are isotropic. For laminates containing Kevlar 49 fibres this 
assumption is unjustified since these fibres are known to exhibit highly
anisotropic thermal expansion behaviour (18). Despite this Strife and
• radial •Prewo found that when the fibre radial expansion coefficient,^ is
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used in equation 2.19, then the calculated value of at is within 15% of 
that determined experimentally. It should be noted, however, that
ir3.dl.3l ^
of the Kevlar fibres was very similar to the thermal expansion 
coefficient of the epoxy matrix. As a result the predicted values of at
are relatively insensitive to fibre volume fraction so that the degree of 
agreement between calculated and measured values could be fortuitous.
Ishikawa et al (47) have measured the longitudinal and transverse 
expansion coefficients of carbon fibre reinforced epoxy laminates over 
the temperature range 20-140°C. From the temperature dependence of a^,
Em and vm they calculated values of at, which were in good agreement with 
the measured values. These calculated values lay below the predictions 
of Schapery, equation 2.19, but above those of Wakeshaima et al,
equation 2.24. The modulus modified law-of-mixtures gave the same values 
' of as their own analysis but these values were found to correlate 
only poorly with experiment. There are two points of interest that 
arise from this work. Firstly it is shown that by using the appropriate 
temperature dependent matrix properties, ie, am> E^, vm calculated values 
of at are in good agreement with the observed expansion of the laminate 
upto temperatures approaching the glass transition of the resin. This is 
in agreement with the findings of Wang et al (45). Secondly these authors 
observed a significant effect of moisture on the thermal expansion of 
the epoxy resin and laminates. This latter point is reviewed in relation 
to the observed decrease in resin glass transition temperature in section 2.3.2 
As part of his work to determine the magnitude of thermal strains in 
angle-ply laminates, Daniel (18) has measured the longitudinal and 
transverse behaviour of unidirectional fibre/epoxy matrix laminates made 
with S-glass, carbon and Kevlar 49 fibres. In agreement with Strife 
and Prewo (52) he found that the expansion coefficient of a Kevlar 49/epoxy
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unidirectional laminate was more anisotropic than the equivalent carbon 
fibre one. S-glass/epoxy laminates exhibited the least anisotropy
reflecting the more isotropic expansion behaviour of glass fibres. Indeed
• • 3.x i_ 3.1 radial
m  the literature there is no evidence that and of
glass fibres differ. Unfortunately Daniel has made no attempt to correlate
his experimental results with any theoretical predictions. Despite this,
his results are extremely useful and show that carbon or Kevlar 49 fibre
cross-ply laminates with equivalent fibre volume fractions, if cooled from
the same temperature, develop larger thermal strains than those made with
glass fibres. This conclusion has been confirmed experimentally by both
Daniel (18) and Bailey et al (4).
2.3 Moisture Induced Phenomenon
It has been observed experimentally that absorbed moisture in fibre
reinforced polymer matrix composites modifies their thermomechanical
response (55-75). In general, the moisture is considered to be absorbed
solely by the resin matrix since most reinforcing fibres, such as glass
and carbon, appear to be impermeable over the time scale of the experiments
discussed here. A possible exception to this rule are organic reinforcing
fibres such as Kevlar (62)1 Absorption of moisture into the resin matrix
results in the following:
i) Resin swelling (63-68)
ii) A reduction of the glass transition temperature, T , (56,68-73)
8
iii) A reduction of the modulus and strength with a simultaneous increase 
in strain to failure (57-59,72-75)
iv) An increase in the thermal expansion coefficient below T (47,55,56,63)
©
The effect of resin swelling on the already complex state of stress in 
unidirectional and angle-ply laminates is discussed in section 2.3.1. The
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reduction in T , E and increase in a are interrelated and the literature 
g m m
regarding these effects is reviewed in section 2.3.2.
A considerable body of literature exists on the mechanisms of moisture 
diffusion and water/resin interaction in composite materials. Much of it 
is contradictory in that the results for individual systems are often very 
different. This is a result of the variation of diffusion coefficient and 
equilibrium moisture content with molecular structure and degree of cure 
of the matrix resins. This is made more complex by the possibility of 
fibre/matrix interactions, incomplete fibre wetting, voids and complex 
internal stress fields. In section 2.2.3 the mechanisms by which water 
and polymer resins interact are outlined. The areas reviewed include the 
mechanism of moisture absorption, the rate of diffusion and the equilibrium 
moisture content. Also included is the effect of molecular structure and 
microstructure of the resin on moisture induced phenomena.
2.3.1 Moisture swelling stresses
Moisture induced swelling of a resin matrix can be demonstrated 
to be analogous to the change in dimensions brought about by the free 
thermal expansion on heating. As a result, swelling of the matrix in a 
fibre reinforced composite can produce strains, and associated stresses, 
at the micromechanical level in a unidirectional laminate and within the 
plies of an angle-ply. In general moisture swelling strains are of 
opposite sign to the thermal strains and so tend to reduce the overall level 
of strain in a composite.
The theoretical basis for relating the swelling of the resin to the 
dimensional changes in the laminate has been developed by Halpin and 
Pagano (76). The equations for the in-plane longitudinal and transverse 
swelling of the laminate are analogous to the results of Schapery for 
thermal expansion and are given by,
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where y = moisture expansion coefficient
The applicability of these equations has been verified by Halpin (77), 
Fahmy and Ragai (78), and more recently by Cohn and Marom (79) who found 
better agreement between measured and predicted values when the mechanical 
properties of the swollen constituents, eg Em (wet),were used. Cohn and 
Marom extended the analogy with thermal expansion and found that the swelling 
of a unidirectional laminate as a function of angle, 0, with respect to 
the reinforcing fibres, Figure 2.5, could be predicted using the equation,
y (0) = y^ cos20 + ytsin2 0 (2.33)
The moisture expansion coefficients of balanced (+0) angle-ply 
laminates have been treated by Chamis and Sinclair (80) using a simple 
numerical procedure. In reviewing the nature of moisture absorption by 
epoxy resin based laminates Shirrel and Halpin (81) pointed out that the 
in-plane swelling of angle-ply laminates is small relative to the swelling 
of the resin. Since the matrix cannot swell in the plane of lamination, 
due to the restraint exerted by the fibres, it will conserve its volume 
by expanding preferentially in the direction transverse to the plane of 
lamination. This results in large swelling strains being developed through 
the thickness of angle-ply laminates exposed to moisture. A similar effect 
is observed for the thermal expansion of angle-ply laminates whose expansion 
coefficient through the thickness is many times that of an equivalent 
unidirectional laminate. This problem has been treated theoretically by 
Fahmy and Ragai (82) and Pagano (83).
Hahn and Kim (64) have studied the swelling behaviour of unidirectional 
and cross-ply carbon/epoxy composites. Their results are shown to be 
best described by a model in which swelling is negligible up to a threshold 
moisture concentration above which swelling increases linearly with 
moisture content. The absorbed moisture which does not cause swelling is 
considered to be located in voids. Thus the threshold for swelling can 
be used to calculate the void content of the laminate.
Adamson (63), in his work on the thermal expansion and swelling of 
epoxy resins and composites, found that pure resin samples had swelling 
curves similar to those described by Hahn and Kim (64) . Adamson concluded 
that the absorbed moisture which did not cause swelling was located in the 
free volume of the polymer, which he calculated from the difference between 
the measured swollen resin volume and that predicted by ideal-mixing. His 
results indicate that the free volume in the resin studied increased with 
decreasing temperature, a result at odds with current theories of free 
volume (92). McKague et al (68) have measured the swelling of an epoxy 
resin with increasing moisture content and found that the observed swelling 
was less than expected for ideal mixing. They concluded that this should 
be expected since, thermodynamically, ideal mixing implies no effect of 
absorption upon the polymer, which is not consistent with reported mechanical 
effects eg reduction in modulus. If non-ideal mixing is occurring then 
the resin and water are interacting, possibly by hydrogen bond formation, 
and the calculated values of free volume of Adamson are probably in error.
Adams and Miller (84,85) have carried out a finite element numerical 
analysis of the stresses in a unidirectional laminate due to temperature 
fluctuations and absorbed moisture. Numerical values of residual microstress 
are presented for a typical carbon fibre/epoxy laminate subjected to a 
number of temperature and moisture gradients. Adams (86) has extended this
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analysis to show that absorbed moisture can have a significant influence 
on the apparent thermal expansion under certain conditions.
Crossman, Mauri and Warren (65) have examined the degree of moisture 
induced swelling in several unidirectional carbon fibre/epoxy matrix 
laminates. They found that the in-plane transverse swelling strain was 
a non-linear reversible function of moisture content. These results are 
very similar to those of Kim and Hahn (64) except that the curves are 
considered to be parabolic rather than linear. Crossman et al also 
observed that the through-the-thickness moisture induced swelling of the 
unidirectional laminates was several times larger than the in-plane 
transverse swelling strain. It would be expected that for a unidirectional 
laminate the swelling in the two transverse directions would be equal after 
absorption of water to an equilibrium level. The authors of this paper 
admit to knowing of no mechanism to explain this strikingly different 
behaviour.
The same authors have measured the change in residual stresses in 
cross-ply laminates as a function of temperature and moisture content by 
monitoring the deflection of non-symmetric (0°/90°) laminates. The level 
of residual stress was found to be a function of the temperature at which 
the moisture was absorbed. For a given moisture content, the residual 
stress is reduced less by moisture induced swelling as the exposure 
temperature increased.
The ingress of moisture into cross-ply laminates at room temperature 
has been shown to reduce the level of thermal strain in the plies (23) . 
Indeed Pagano and Hahn (21) go as far to suggest that absorbed moisture 
is capable of completely negating the residual thermal strains built into 
a cured laminate. They calculated that for a typical carbon/fibre epoxy 
laminate a moisture content of only 0.27% can be sufficient to induce
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swelling strains of equal magnitude, but opposite sign to the thermal 
strain. This is confirmed by the experimental results of Curtis (23) 
who found that water absorption in carbon fibre/epoxy laminates reduced 
the measured thermal strain to less than half and to almost zero at 
65% and 95% relative humidities respectively. The reduction in thermal 
strain depends on the moisture expansion coefficient of the resin matrix 
and the equilibrium moisture content.
The conclusion that moisture absorption at room temperature can 
completely relieve the residual thermal strain has also been reached by 
Hahn (22). He compared experimental data for carbon, glass and boron 
reinforced epoxies and polyimides with predicted values obtained by 
extending the analysis of Hahn and Pagano (29) to include swelling stresses 
due to moisture absorption. In this analysis Hahn allowed the laminate 
compliance, and hence the mechanical strains, to vary with both temperature 
and relative humidity. For the thermal and moisture strains any 
interaction between temperature and moisture is neglected, thus the thermal 
component depends solely on the temperature and the moisture swelling 
component only on the relative humidity. -
Douglas and Weitsman (87) have examined the residual stresses due to 
the environmental conditioning of cross-ply carbon/epoxy laminates at 
high relative humidities and temperatures. The resulting residual stresses 
in balanced cross-ply laminates were computed using both elastic and 
viscoelastic analyses. As might be expected the viscoelastic model predicts 
a lower value of residual stress. One flaw in this analysis is that it 
assumes that the equilibrium moisture content, M^, of the composite is 
linearly dependent on relative humidity, (RH). However it has been 
found experimentally for epoxy resins and laminates that a power law of 
the form = a (%RH)^ operates (56,69,88) where a is the value of
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at 100% RH and b is a constant.
Chamis, Lark and Sinclair (89) have presented an integrated theory
to predict the hygrothermomechanical response of fibre composites. They
assumed that the absorbed moisture only affects the resin properties and
that these can be expressed as a function of temperature and the reduced
glass transition temperature, T , of the plasticized resin. In contrast
©
to other work this method allows the resin thermal expansion to be a 
function of both temperature and moisture content, as is found experimentally 
(47,55,56).
Up to this point the analyses presented have assumed both a uniform 
temperature change and a uniform concentration of moisture throughout the 
laminate. However it has been reported (66) that in real laminates it is 
more usual for there to be a non-equilibrium moisture distribution across 
the thickness of the laminate. The moisture distribution and moisture 
content as a function of time for a one dimensional composite material 
exposed on one or both sides to humid environments has been analysed by 
Shen and Springer (90). Associated with this moisture profile is a strain 
profile which must be added to any other strains present. Pipes et al (91) 
have extended the basic analysis of a laminate containing a uniform moisture 
content, described above (22,29,64,84,87,89), to include gradients of both 
temperature and moisture through the thickness of the laminate. The analysis 
is based upon the simultaneous solution of the classical diffusion equation, 
ie Ficks law, and the point stress laminated plate equations for a 
hygroscopic, anisotropic medium. The analysis is limited to thin laminates 
and systems where Ficks law accurately describes the moisture diffusion.
For systems exhibiting non-Fickian behaviour the analysis can be modified 
to include the correct diffusion law.
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2.3. 2 The effect of moisture on the glass transition temperature
It has been observed by many different workers, using various 
techniques, that the absorption of moisture into epoxy and polyester resins 
causes plasticization, swelling (section 2.3.1) and a lowering of the glass 
transition temperature, T (56,60,62,68-73). This decrease in T_ is
O O
accompanied by a change in the mechanical properties of the resin, typically 
it is found that the modulus decreases while the instantaneous thermal 
expansion coefficient increases (47,55). This effect is well known in 
the physics of polymers (92) and can be attributed to the moisture affinity 
of highly polar functional groups in the resin. Similar effects are 
observed in fibre reinforced resin composites so that absorbed moisture ’ 
can reduce the temperature range over which matrix dominated composite 
properties remain stable.
Various equations exist which attempt to quantify the change in 
polymer T with the equilibrium moisture content. Probably the most well
O
known, and most utilized, of these is that of Kelley and Bueche (93) who
derived an equation for the T of a polymer/diluent system of the form,
©
T (system) = (a - a  ) V  T + a, (1 - V ) T (2.34)g ' vmr m gm d m' gd
(a - a ) V + a, (1 - V )m m m d m
r 2
where, = volume fraction of the polymer matrix
(1 - V ) = volume fraction of the diluent (Vj) m a
T and T = the glass transition temperature of the pure polymer matrix 
&m &d
and diluent respectively 
(a_ - a_ ) = difference between the polymer thermal expansion coefficients
L g
above and below T
&m
= thermal expansion coefficient of the diluent
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This relationship is based upon the semi-empirical work of Williams,
Landell and Ferry (94) who found that for a wide range of polymeric materials
the fractional free volume is a constant l/40th of the total volume at
T . Kelley and Bueche assumed that the free volume of the diluent is added 
g
to the free volume of the polymer. This implies that the T of a polymer
O
can be lowered by mixing it with a liquid containing more free volume than
the undiluted polymer. The resulting diluent-polymer mixture will contain
more free volume at any given temperature than would the polymer alone.
As a result, the plasticized polymer must be cooled to a lower temperature
to reduce its free volume to the critical value of l/40th of the total
volume of the system. At this critical value there is insufficient free
volume to allow main chain relaxations to occur resulting in the observed
transition from the rubber to the glass.
The Kelley-Bueche equation has been used by several authors to predict
the expected drop in T that accompanies a given equilibrium moisture
g
content for epoxy resins and composites. De Iasi and Whiteside (56) used a
thermomechanical analyser (actually a quartz probe dilatometer) to measure
the thermal expansion and T of several amine cured epoxy resins
g
(3501-5, 3501-6, 3502, 934 and Narmco 5208) and their carbon and boron
fibre composites as a function of equilibrium moisture content. The
expansion/temperature curves obtained from the thermomechanical analyser
revealed two important features. Firstly, the slope of the initial portion
of the curve, below T , increases with increasing moisture content. This
g
is attributed to the combined thermal expansion of the resin and absorbed 
water. (An increase in the expansion coefficient of a polymer-diluent 
system would appear to be predicted by the free volume theory but this 
point has been ignored by most authors.) Secondly, the T of the resins
o
and composites, taken as the first deviation from glassy behaviour, decreased
40
with increasing moisture content in good agreement with the theoretical
predictions of the Kelley-Bcieche equation. The experimental results for
the 5 epoxy resins, which have dry glass transition temperatures in the
range 195°C to 225°C, are observed to follow the predicted trend up to the
maximum value of equilibrium moisture content, obtained after conditioning
at 100% relative humidity. Unfortunately the values of ot^  and for water
used to calculate T (system) are not given.
S
Browning(71) investigated the effect of absorbed moisture on the
behaviour of Narmco 5308 epoxy resin. The technique selected for making
the measurement of Tg was a beam bending test, using 3 point loading,
performed in a heated oil bath. A heating rate of 2 K min ^ was used and
it was found that immersion of the specimen in the oil minimized loss
of water during the test to less than 10%. The same author also reported
(73) that for 3501-5 epoxy/carbon fibre composites the heat distortion tests
gave more consistent values of T^ than either thermal mechanical analysis
or dynamic mechanical measurements. Browning found good agreement between
his experimentally determined values of T , for both Narmco 5208 and
3501-5 epoxy, and those predicted from the Kelley-Bueche equation. In
calculating the theoretical values Browning used experimentally determined
values of T and (c^ - ) obtained directly from the polymer concerned.
(This is a very important point since certain authors have ignored the
dependence of T and (o^ - ) on the degree of cure. As a result
®m r 8
it is not valid to assume that these values are constant for a given resin
since they can vary with post-cure temperature and the cure system used.)
The value of used by Browning was the average calculated from a table
-3 -1
of volumetric expansion data for water and takes the value of 4 x 10 K
T was taken to be 4°C as recommended by Bueche (92) . The values of V 
Sd m
were determined from the fractional weight increase, M, in the polymer 
using the equation,
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Vm = 1________________________  (2.35)
1 + M
where and are the densities of the polymer and diluent respectively.
McKague (69) and co-workers (68) have studied the effect of absorbed
moisture on the thermomechanical properties of Narmco 520.8 epoxy resin.
Like De Iasi and Whiteside (56) McKague measured T by thermo-mechanical
8
analysis, adopting the convention that T is the temperature coinciding
8
with the first significant change in the rate of expansion. His results 
suggest a much larger and more rapid drop in T with increasing moisture
O
content than was reported by De Iasi (56) or Browning (71).
In order to account for the observed rapid drop in with moisture 
content McKague et al (68) have presented a modified version of the 
Kelley-Bueche equation of the form,
Tg = % g  Vm Tgm ♦ adr (1 - vm) T§d (2.36)
\  \ + %  (1 - V
where the symbols have the same meaning as before but am is the thermal
8
expansion of the polymer in the glassy state and a, is the thermal
r ’
expansion of the liquid diluent. This is identical to the equation of
Kelley and B ueche except that or and a , are used instead of (a - a )
g r mr mg
and respectively. (It would appear that McKague et al have assumed
that <Xj in the original Kelley-Bueche equation is given by the difference
between the thermal expansion of the diluent above and below T . In fact
8d
Kelley and Bueche define simply as "the thermal expansion coefficient 
of the diluent", apparently assuming it to be in a liquid state. As a 
result it would appear valid to assume that a ^  = ci^ .) McKague et al (68)
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have offered a theoretical basis for this redefinition and claim that it
is empirically justified by expansion, swelling and T data obtained
S
experimentally. Equation 2.36 predicts a much larger drop in T for a
§
given equilibrium moisture content than equation 2.34. The input values of
, and T were obtained directly from the thermomechanical data of the 
S 8m
"" 3 -x
dry resin. The chosen values of T = 4°C and aj = 3.66 x 10 K are
8d r
very close to the values used by Browning. Using equation 2.36 McKague
found good agreement between the predicted and measured values of T for
S
the plasticized resin.
In an effort to explain why some experimental results fit the
unmodified Kelley-Baieche equation, McKague argued that it depends on the
method used to determine T^. The heat distortion test of Browning et al
is considered to yield slightly higher values of the wet T than thermo-
mechanical analysis due to drying of the outer plies of the specimen.
This effect could indeed provide higher values of T but it is unlikely
S
that the small moisture losses reported by Browning, less than 10% over the
duration of the test, could account for the observed discrepancy. This
explanation cannot be applied to the results of De Iasi and Whiteside which
were obtained using the same procedure as that of McKague, ie T.M.A.
It should be noted that the values of T of the same dry Narmco 5208
86m
epoxy resin obtained by these three authors show a wide disparity, ie
Browning (71), T = 177°C; De Iasi and Whiteside (56), T = 217°C;
gm 8m
McKague (69) T = 244 C. It is possible that this reflects different
degrees of cure since Browning used a cure cycle of 30 minutes at 177°C
as opposed to the 4 hours at 204°C utilized by McKague. Unfortunately
De Iasi and Whiteside give no details of the cure schedule used but a
comparison of equilibrium moisture content data for their resin with data
for McKague's resin suggest that the latter's is the more fully cured,
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Figure 2.6 : Change in glass transition temperature, Tg, of Narmco 5208 
epoxy resin as a function of equilibrium moisture content, 
M^; ( ■  ) Browning (71), (•) De Iasi and Whiteside (56),
and (X) McKague (69).
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see section 2.2.3. Interestingly, at equilibrium moisture contents
greater than 6 percent by weight the values of T for the wet resin
obtained by all three authors are very similar (Figure 2.6). This suggests
that a limiting degree of plasticization exists which is independent of the
original extent of cure of the resin. No discussion of this point can be
found in any of the literature searched.
Carter and Kibler (70) have questioned the application of the free
volume theory to non-polymeric diluents such as water. They consider that
in such cases rather arbitrary assignments are made not only for the glass
transition temperature of the diluent but also of the thermal expansion
coefficient which determines the temperature dependent contribution of the
diluent to the total free volume. Based on the Gibbs-Dimarzio model for
T in dry resins(95), in which configurational entropy rather than free 
8
volume determines the transition temperature, they propose a model for the 
glass transition of wet polymers in which hydrogen bonding can take place. 
Their model is based on two basic assumptions
1) The glass transition of the polymer is a second order phase transition 
of the Ehrenfest type (95)
2) Hydrogen bonded ^ 0  molecules are frozen at a single site below Tg
but are free to jump between adjacent sites above T (n.b. This model
8
is intended to apply to resins, such as epoxy, in which water is 
absorbed primarily by localization at strongly polar molecular groups) 
Using five simplifying assumptions, concerned with the nature of 
the interaction between water molecules and the resin, they obtained the 
equation,
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Tg (system) = Tg^ [ 1 ” { R/^MS Acp ) }* y (r) J (2.37)
with y(r) = r £n (1/r) + (1 - r) £n (1 /(1 - r))
and r = (M /M ) M
s w7
where R' = gas constant
Mg = effective molar mass of a hydrogen bond site
M = molar mass of water
W
AC^ = the jump in specific heat at the glass transition of 
the dry resin, T
^m
2m
M = moisture fraction in the resin 
Based on this entropy model Carter and Kibler compared predicted 
values of T (system), from equation 2.37, with the experimental results of
O
McKague et al (68) for wet Narmco 5208. The input data used were:
T = 246°C, obtained from thermomechanical analysis; M = 68.2 g mol \
8m s
calculated on the assumption that an 1^0 molecule can be bonded at any atom
of oxygen and nitrogen; AC = 0.063 cal g  ^K \  chosen to fit the
Pm
experimental values of T^ at an equilibrium moisture content of 6.7 wt%.
corresponding to saturation by immersion in pure water at 49°C. The resulting
predicted curve is found to pass through the experimental points and is
almost identical to the curve derived by McKague using a modified free-volume
approach, equation 2.36. This has led Carter et al to conclude that the
large drop in T due to moisture absorption can be explained equally well 
8
by the free volume theory or the entropy model. In both cases there are
sufficient "adjustable" parameters, eg T^ and in the free volume
equation, and AC and M in the entropy model, to allow experimental data 
Pm
to be fitted reasonably well by either theory. This conclusion is supported
by the work of Moy and Karasz (96) who have predicted the drop in T of
§
an epoxy resin at low moisture contents using the equation of Gordon et al 
(97),
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T (system) = V T K + (1 - V ) T (2.38)
g m gm m Sd
V K + (1 - V )m m
K is a parameter initially adjustable to yield a best fit to experimental
data but may be identified with the ratio (AC /AC ) where AC is the
Pm pd Pd
discontinuity in heat, capacity at . Using K = 0.127 and = -139°C
Moy and Karasz obtained good correlation between predictions and experiment.
This value of T is some 140°C smaller than that used by either Browning 
8d
or McKague and agrees closely with the values of T quoted by others (98,99).
8d
Peyser and Bascom (100) have questioned the validity of
the assertions of previous workers (67-71,73), that 6 to 7 wt % absorbed
moisture lowers the T of Narmco 5208 by 100 to 150°C. Initially they
g
question the large range of values of T for the dry Narmco 5208 resin
g
reported. In particular they consider the value of 176°C obtained by 
Browning (71) to be excessively low. This criticism is unjustified since 
Browning used a cure cycle of 30 minutes at 177°C as opposed to the 4 hours 
at 204°C used by these authors.
In attempting to make a definitive measure of the wet and dry T
O
of this resin Peyser et al utilized thermomechanical analysis (T.M.A.),
dynamic mechanical analysis (D.M.A.) and differential scanning calorimetry
(D.S.C.). No T could be observed by D.S.C. although a small change in 
g
specific heat similar to that expected at the T^ was recorded but this was
attributed to degassing and decomposition of the material. Indeed one
of the main conclusions of these authors is that the T of fully cured
g
Narmco 5208 epoxy resin is close to its decomposition temperature. Their 
T.M.A. studies show a T^-like transition at 242°C on heating and 192°C 
on cooling at a heating/cooling rate of 40 K min Since polymers have 
a very low thermal conductivity lower heating and cooling rates might give 
more consistent values of T^. As a point of comparison with other workers
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Pm
using T.M.A. to determine T , Carter et al (101) have used a heating rate
S
of 2.5 K min  ^while both McKague (69) and Delasi et al (56) used 20 K min
The D.M.A. results obtained gave clear indication of a glass transition
at about 250°C, this was reversible reappearing on cooling and reheating.
Absorption of 7 wt % water broadened and lowered the transition temperature
by 50°C and not the 100-150°C measured by others. In discussing these
results Peyser et al argue that both Browning and McKague have used an
arbitrary value for T when calculating T (system) and assert that a
&d ®
value of -123°C should be used. However this value is itself different
to any of the values used in all the other work reviewed here. The drastic
lowering of T predicted by the entropy model of Carter and Kibler (70)
is discounted since it is considered to use experimental values of AC
that are questionable. Actually the limited comparisons made by Carter
et al are based on a calculated value of AC obtained by fitting the
Pm
predicted value of T to a single experimental value of T obtained at a
& g
fixed equilibrium moisture content. This value was found to be near the
average of two values obtained from experimental D.S.C. data.
It is apparent from the literature that the reduction in T with
g
increasing moisture content is accompanied by a decrease in modulus 
(57,59,73,74,102) and increase in thermal expansion coefficient (47,56).
In physical terms these effects can be explained by the increase in free
volume in the polymer and the reduced cross-link density per unit volume.
The relationship between the glass transition temperature of a 
polymer and its thermal expansion has been considered by Simha and Boyer (103) 
who obtained the relation
T (a - a . N .
g mg mr) = constant (2 .39)
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This simple equation has been found to hold for a wide range of
polymers regardless of variations of structure. Using this relation it
is possible to rationalise the experimental observation that a increases
mg
with moisture content (47,56) since as T decreases the term (a - a )
g m m0 g £
must increase. As the properties of a polymer in the rubbery state are
insensitive to moisture (102) is expected to be invariant and so
a must increase to compensate for the drop in T . However Simha and 
g 8
Boyer have pointed out that for solvent plasticized polymer systems
a and a increase by similar amounts so that (a - a ) remains mrt m m mg t g r
constant as T decreases, 
g
2.3.3 Resin/water interactions - diffusion, equilibrium moisture content,
and microstructure 
Shen and Springer (90) have derived equations for the distribution 
and concentration of moisture in fibre reinforced composites as a function 
of time in a humid environment. The moisture distribution is described 
using the one-dimensional case of Fick’s second law
T D 3c 1I *  i e  Ji£ “ ._JL ' I . 3c I (2.40)3t 3x
where c = concentration of diffusing substrate 
x = distance through laminate thickness 
t = time
Dx = diffusion constant or diffusivity of the material in the 
direction normal to the laminate surface.
Based on experimental evidence these authors simplified the above 
equation by taking the diffusivity Dx to be independent of the moisture 
content obtaining the result
3c = D . jic^ ' (2.41)
3t X 3x
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Equations 2.40 and 2.41 represent concentration-dependent and
concentration-independent Fickian diffusion respectively. Basing their
analysis on equation 2.41 Shen and Springer obtained good agreement
between their analytical results and test data for carbon fibre/epoxy
composites exposed to humid environments over the range 27-150°C. This
suggests that, for these laminates at least, the classical diffusion
equation is applicable. However, non-Fickian, or fanomalous*, diffusion
has been observed in some resins and composites (65,88,105,106).
Whether the diffusion process is Fickian or non-Fickian depends
on the relative rates at which the polymer structure and moisture
distribution change (57,104). When the polymer structure changes much
faster than the moisture concentration, the diffusion can be adequately
described by Fickfs law. If the relaxation processes progress at a rate
comparable to the diffusion processes, the diffusion is found to be
non-Fickian or 'anomalous*. As a result Fick's law is generally applicable
to rubbery polymers, but often fails to describe the diffusion process
in glassy polymers. It is of note that since the T_ of a polymer depends
©
on the moisture concentration this may result in a change of the diffusion 
behaviour during a moisture absorption test.
Crank and associates (104) have observed that for true Fickian diffusion 
the sorption curve, a plot of sorbed moisture, M t> against the square 
root of time should exhibit the following features:
1) The curve should be initially linear up to and exceeding 60% of the 
equilibrium moisture content M^.
2) Above the linear portion the sorption curve should be concave to the 
abscissa axis, ie Mt tends to Mto. This is irrespective of any 
dependence of Dx on the moisture concentration.
3) When the initial and final moisture concentrations are fixed a series 
of sorption curves for films of different thicknesses are superposable
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to a single curve if replotted as a reduced curve of (Mt/Mco) against 
t2/L, where L is the thickness of the dry film. When the diffusion 
coefficient is independent of moisture concentration, as postulated 
by Shen and Springer, reduced absorption and desorption curves should 
coincide. In contrast when Dx increases with moisture concentration 
the absorption curve will be linear almost up to and the reduced 
absorption curve will lie above the corresponding desorption curve.
In much of the availhble literature it is assumed that if the 
experimental sorption curves are consistent with criteria 1 and 2 above 
then the system can be described mathematically by a Fickian approach.
This convention should be applied with caution since sorption data may 
conform to these criteria but fail to satisfy criterion 3. Shirr ell (88) 
has recognised the need for the careful application of Fick's laws to 
the analysis of experimental data. He exposed cured and post-cured 
unidirectional carbon fibre/epoxy laminates to a range of humidities at 
four different temperatures. At low temperatures, low relative humidities 
and short times the individual sorption curves appeared Fickian in their 
behaviour. However at high humidities and temperatures non-Fickian 
absorption was observed with specimens exhibiting increasing water uptake 
after reaching an apparent equilibrium moisture content.
Following the scheme of Crank et al, Shirrell plotted reduced 
adsorption curves for laminates of different thickness at 21°C. He found 
that the resulting curves were not superposable and so Crank*s 
condition 3 was not obeyed. The absorption and desorption reduced curves 
had different slopes which for Fickian diffusion is indicative of a 
concentration dependent diffusion coefficient. However the non-Fickian 
water absorption observed for these laminates at high temperatures and 
humidities could also account for this effect.
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Similar behaviour has been found by Whitney and Browning (105,106) 
who observed an apparent two-stage diffusion process in neat epoxy 
resin and carbon fibre/epoxy laminates. Initially the samples absorbed 
moisture in a Fickian manner to reach an apparent equilibrium moisture 
content. After longer times further moisture was absorbed, this increase 
occurred at the threshold moisture concentration for resin swelling 
(63,64,68), see section 2.3.1. This change in behaviour was associated 
with the appearance of cracks in the resin which were held responsible 
for the continued water uptake. As with Shirrell these authors found that 
a comparison of absorption and desorption data suggested the possibility 
of a concentration-dependent diffusion coefficient but the observed 
microcracking could also account for this. An interesting aspect of 
their work is the observation that the.diffusion coefficient of angle-ply 
laminates was much larger than that of unidirectionals and decreased 
with time. The problem of time dependent diffusivity has been analysed 
by Weitsman (107) but Whitney and Browning ascribe this behaviour to a 
stress dependent diffusion coefficient which is supported by the lower 
activation energy for diffusion in angle-plys than for unidirectionals 
and the pure resin - 7, 9.5 and 13.4 K cal mol  ^respectively. They 
postulate that the large in-plane tensile residual stresses present in 
the angle-ply laminates increase the initial through-thickness diffusion 
coefficient: then as swelling relieves the residual stresses the
diffusivity decreases. This agrees with the work of Gilliat and Broutman 
(108) who have observed that increasing the external stress level produces 
higher effective diffusivities in fibre reinforced laminates.
By considering so called 1 anomalous1 moisture diffusion in epoxy 
matrix composites Carter and Kibler (109) have noted that there is no 
a priori reason why moisture diffusion should obey simple Fickian diffusion 
theory. Using Kirkwood's generalisation of the Boltzman transport equation
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a generalized linear model involving sources and sinks of diffusing 
water molecules is presented, in which the absorbed moisture consists 
of mobile and bound phases. Molecules of the mobile phase diffuse 
with diffusion coefficient, and are absorbed with probability, 8p  
at sites of unspecified nature and from which they are emitted with 
a probability Based on this model an approximation for the moisture
content at time t, Mt, is given which fits well to mildly anomalous 
moisture uptake curves for Narmco 5208 epoxy resin exposed for two years 
at 23°C and relative humidities from 45 to 100%. Carter and Kibler 
concluded that as the same values of 8-^, 82 and give equally good
fits to the data at all humidities the absorption anomaly does not result 
from non-linear effects such as concentration or stress dependent diffusion. 
Although these authors make no attempt to specify the nature of the 
absorption sites at which the water molecules become bound it is noted 
that the absorption parameter 8  ^ is remarkably small at room temperature 
and shows only a weak temperature dependence. They concluded that this 
is consistent with sterically hindered absorption sites.
According to Crank and Park (104) the equilibrium sorption isotherms,
against relative humidity, of polymers depend critically on the 
water/polymer interaction. For hydrophilic polymers type II isotherms 
(using the B.E.T. classification) are obtained while for less hydrophilic 
polymers type III and to a lesser extent linear isotherms are obtained. 
Hydrophobic polymers, such as the polyolefins, sorb only small quantities 
of water and obey Henry's law. This range of behaviour is associated 
with the nature of the water molecule which is small and strongly 
associated through hydrogen bond formation. As a result strong localized
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interactions may develop between water molecules and suitable polar 
groups in the polymer. In general, the more polar groups present in the 
polymer, the higher will be its sorptive affinity towards water. However, 
the accessibility of these groups, their position on the polymer chain, 
and the relative strengths of water-water and water-polymer bonds are 
important factors. In relatively non-polar polymers the initial water- 
polymer interaction is weak and subsequent water-water interactions lead 
to clustering (112).
Memory and colleagues have used broadline proton Nuclear Magnetic 
Resonance (N.M.R.) to study the behaviour of water in cured epoxy resin 
and carbon fibre/epoxy specimens (110,111). They showed that the peak 
in the broadline N.M.R. spectrum associated with absorbed moisture had 
a line-width lying between the broad and narrow lines of protons in the 
solid and liquid state respectively. Since N.M.R. linewidth decreases 
with increasing molecular mobility it was concluded that the water molecules 
in the resin were in a state of intermediate mobility between free water 
and ice.
Due to the wide range of possible resin/water interactions it is 
impossible to draw a single definitive conclusion about the effect of 
moisture on a polymer. Indeed the effect of temperature, degree of cure, 
and relative humidity on the value of M^ (and Dx) of laminating resins 
and their composites is poorly understood with much of the experimental 
evidence being contradictory.
From sorption studies on five amine cured epoxy resins De Iasi and 
Whiteside (56) found that the equilibrium moisture content showed only 
slight deviations from Henry's law behaviour up to 65% relative humidity 
but substantial deviations above this level. The experimental values of 
M^ for the resins were found to be in agreement with an equation of the form,
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= a (R.H./100)b (2.42)
where M^ is the equilibrium moisture content, R.H. is the relative 
humidity, a is the equilibrium moisture content at 100% relative humidity 
and b is a constant.
The results for all five resins were found to be predictable using 
values of a = 6.3 wt% and b = 1.7. The same equation was found to fit 
experimental data for carbon and boron fibre reinforced composite (based 
on one of the epoxy resins already studied) except the value of fa T was 
about one third that of the resin, reflecting the lower resin content of 
the composites.
McKague (69) studied the moisture absorption of Narmco 5208 epoxy
resin and found equation 2.42 to adequately describe the experimental
values of equilibrium moisture content using values of a = 6.6 wt%
and b = 1.28. These values may be compared with those obtained by De Iasi
and Whiteside for the same resin, ie a = 6.3 wt% and b = 1.7. McKague et al
(68) have suggested that the value of b depends on the resin molecular
structure and decreases as the degree of polymerization increases. This
is in agreement with the experimentally measured values of T for this
8
resin given by De Iasi and Whiteside as 217°C and by McKague as 244°C.
In his work McKague found that over the temperature range 24 to 80°C 
Mm was independent of temperature varying only with the relative humidity.
Shirrell (88) studied carbon fibre reinforced composites based on 
Narmco 5208 epoxy resin and found a linear relationship between M^ and 
the relative humidity, ie Henry1 s law. This behaviour can be described 
by equation 2.42 setting b = 1. In contrast to the pure resin, post-curing 
of the laminates was found to increase the measured value of M at a given
CO °
relative humidity. This may result from damage in the form of debonds 
caused by stresses induced during cooling of the laminate. M was found
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not to be affected by the temperature of adsorption over the range 
21 to 63°C.
Crossman et al (65) have studied the effect of relative humidity and 
temperature on for unidirectional carbon fibre/epoxy laminates 
based on three different resins; Ferro CE 339 (T = 90°C), Narmco 5209
O
(T = 110°C), and Fiberite 934 (T = 165°C). At 70°C, the values of 
8 8
M for the 339 and 5209 based laminates were found to be linear with
00
relative humidity in agreement with Shirrell (88) . The laminate based 
on Fiberite 934 showed behaviour similar to that observed by De Iasi 
and Whiteside (56) fitting equation 2.42 with a = 1.8 wt% and b = 1.5.
At a constant 95% relative humidity, Crossman et al found that for the 
934 based laminates M was essentially independent of temperature in 
the range 25 - 90°C. ,In contrast the 5209 and339 based laminates exhibited 
a definite increase in Mw over the same temperature range. (Gilliat 
and Broutman (108) have reported a similar increase in with temperature 
for carbon fibre/epoxy cross-ply laminates.) In order to explain these 
observations Crossman et al expressed Mw as a product of the solubility,
S, and equilibrium partial pressure of water, thus,
Mco = S Pw = S° 6Xp (~AHS/RT) pw° exp (-AHv/HT) (2.43)
where AH = the heat of solution for water molecules absorbed in the s
polymer matrix,
AHv = heat of vaporisation of water
S° and P ° are constants 
w
R’ = universal gas constant 
T = absolute temperature 
N.B. The term AHg is considered to comprise two components. AH^ being 
the enthalpy required to create a molecular sized 'hole' in the polymer and
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is endothermic. is the enthalpy evolved upon seating the diffusing
gas molecule in the 'hole* and is exothermic.
Examination of equation 2.43 enables three different regimes to be 
postulated:
i) when AHg + AHv - 0, is independent of temperature
ii) when AHg + AHv >0, increases with temperature
iii) when AHg + AHv <0, decreases with increasing temperature
Based on this equation Crossman et al account for the increase in 
Mro at higher moisture exposure temperatures observed in the 339 based 
laminates by a reduction in the dipole-dipole interaction of water and 
the polymer molecule. The reduced dipole-dipole interaction reduces the 
exothermic term A ^  allowing AHg + AHv to become positive, case ii. This 
occurs at the glass transition temperature where thermal activation of 
the cooperative molecular chain motions take place more readily. Thus 
the 339 based laminates with a T of 90°C exhibit a rapidly increasing
O
value of M over the range 25-95°C while M of the 934 based laminates,
00 °  00 ■ *
with a T of 165°C, exhibits no temperature dependence.
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Brown (112) has used a more physical approach to the problem of analysing 
water sorption by polar polymers. Starting from the conventional solution 
thermodynamics of Flory and Huggins, he shows that the observed increase 
in moisture sorption with relative humidity is greater than is predicted.
This is because the theory assumes random mixing and negletts water-polymer 
and water-water interactions which can lead to non-random mixing. By 
combining conventional solution theory with cluster theory Brown views 
the sorbed water as the sum of an amount contributed by normal random 
mixing plus an increment due to clustering of the water. Mathematically 
he has modelled such behaviour using a two parameter sorption isotherm 
of the form,
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1 c1 c2 (2.44)
M P
00 W
where Pw is the partial pressure of water (often replaced by the 
relative humidity) and and C2 are the interaction and clustering 
parameter respectively.
In the simplest case characterises the enthalpy of mixing between 
the water and polymer. An interpretation of equation 2.44 is that it 
represents Henryfs law sorption for C2 = 0, ie is linearly dependent 
on relative humidity, a Langmuir type I attenuated isotherm when C2 
is negative and an enhanced or 'clustered' isortherm when C2 is positive. 
(Similarly equation 2.42 can model these behaviours by taking b = 1 for 
Henry's law, b > 1 for enhanced adsorption and b < 1 for an attenuated 
isotherm.) Using equation 2.44 Brown analyzed sorption data for a series 
of four amorphous acrylic polymers representing increasing hydrophilicity.
From this he concluded that at low relative humidites water is distributed 
throughout the polymer but probably preferentially where hydrogen bonding 
is possible. At higher humidities clusters of water on the hydrogen 
bonding sites predominate.
From the above it is possible to characterize three different approaches 
to the sorption of water by polymers and their composites. These are,
1) The application of empirical equations to sorption data, eg equation 2.42. 
This is essentially a curve fitting exercise and can provide little 
insight into the mechanisms involved unless meaning can be attributed
to the constants used to obtain a fit to experimental results.
2) The application of thermodynamically based equations, eg 2.43, provides 
a firm basis from which to interpret experimental sorption curves and 
the presence of any temperature effects.
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3) Equations based on a physical model of the mechanisms of water
sorption also provide a basis from which to interpret experimental 
data. The use of such an approach is less fundamental than (2) 
but often provides a reasonable mechanism by which to explain 
experimental data, eg clustering.
There exists a body of literature which suggests that certain 
thermosetting resins exhibit a two phase microstructure (113-120). For 
example it has been postulated from light scattering (116), gel-point 
determination (117), pulsed and broad line N.M.R. spectroscopy (118) and 
chemical degradation (119) that free radical cured polyester resins have 
a microstructure consisting of microgel particles embedded in a less 
densely cross-linked phase. Recently a number of papers have appeared in 
which the moisture absorption of two-phase epoxy (121) and polyester (102) 
resins has been examined.
Diamant et al (121) have investigated the effect of modifying the 
network structure on the moisture absorption of amine cured epoxy resin. 
The network was modified by cross-linking the epoxy with various mono/di­
amine proportions; this was achieved by replacing stoichiometric amounts 
of the original diamine by a monoamine. Such formulations resulted in 
decreasing cross-link density and increasing the chain molecular weight 
between adjacent cross-links. Despite having a lower T and density,
O
indicative of a higher free volume, the formulations containing monoamine 
exhibited lower diffusion coefficients and equilibrium moisture contents. 
Etching experiments revealed that increasing the monoamine content led 
to the formation of a two phase structure consisting of soft nodules 
surrounded by hard, highly cross-linked shells. Since the single phase
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epoxy exhibited the larger Dx and the authors postulate that in the 
two phase formulations the highly cross-linked shells slow down or even 
prevent moisture penetration into the encapsulated less cross-linked 
nodules. This conclusion is based on the assumption that the substitution 
of monoamine for diamine does not affect the polarity of the polymer. 
However the monoamine used was less polar than the diamine, thus 
monoamine in the polymer might be expected to attract moisture less 
than the diamine.
The effect of polymer morphology on the hydroelastic behaviour of 
a styrene cross-linked polyester was investigated by Cohn and Marom (102). 
They found that by replacing the styrene with bromostyrene the equilibrium 
moisture content and rate of moisture absorption were reduced. This is 
explained by the presence of an inaccessible phase, etching experiments 
revealed a porous microstructure of a soft discontinuous phase embedded 
in a highly cross-linked matrix. Etching the styrene cross-linked 
polyester revealed no evidence of a two-phase structure. This results 
from the scale of the polymer microstructure being examined. The domain 
size of the large discontinuous phase in the bromostyrene cross-linked 
polyester is in the range 10-70iim. In comparison the microstructure of 
free radical cured polyester is thought to consist of highly cross-linked 
microgel particles of the order of O.lym in diameter in a matrix of less 
densely cross-linked material (118). It would appear reasonable to 
assume that the moisture absorption of a resin with such a microstructure 
will be significantly different from a resin with a microstructure of 
soft nodules in a hard matrix.
C H A P T E R  3
EXPERIMENTAL
3.1 Specimen Preparation
3.1.1 Materials
The resins used in this study were Crystic 272 (Scott-Bader and Co Ltd) 
and Epikote 828 (Shell Chemicals Co Ltd).
Crystic 272 is an isophthalic unsaturated polyester resin and was 
cured using 2 phr (parts per hundred of resin) of a 50% methyl ethyl ketone 
peroxide solution (catalyst 'Mf, Scott Bader and Co Ltd) and 0.25 phr of a 
cobalt naphthenate solution (Accelerator fE f, Scott Bader and Co Ltd). At 
this concentration of accelerator the resin has a relatively long gelation 
time of 6 to 12 hours, depending on the ambient temperature, with negligible 
increase in temperature. This slow gelling formulation enables the fabrication 
of reproducible void free castings and fibre reinforced laminates. Some samples 
were cured using up to 1 phr of accelerator and these exhibited slightly 
lower expansion coefficients in the as-cured condition. However at this 
concentration the gel time is reduced to about one hour and in sections 
thicker than approximately 20 mm a significant exotherm is produced with a 
consequent lack of control over the curing reaction.
All of the polyester samples were allowed to cure at room temperature 
for at least 24 hours prior to post-curing. Three standard post-curing 
schedules have been used: (i) 15 hours at 50°C, (ii) 3 hours at 80°C,
and (iii) 1.5 hours at 130°c. A polyester resin sample subjected to schedule 
(iii) is considered to be fully post-cured since further post-curing is 
found not to change the mechanical properties or glass transition temperature.
Epikote 828 is a Bisphenol ’A 1 type epoxy resin and was cured with 
80 phr nadic methylene anhydride (NMA) and 1.5 phr benzyl dimethylamine 
(BDMA). Unlike the free-radical cured polyester the epoxy resin does not 
cure at room temperature to an appreciable extent. Therefore this resin
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was cured by holding it at 100°C for 3 hours, which in some cases was 
followed by post-curing for 3 hours at 150°C.
The glass fibresused to fabricate the laminates were Silenka 051P,
1200 tex, 'E’-glass fibres treated with a commercial silane finish 
compatible with polyester and epoxy resins. The fibres are supplied as a 
roving in the form of a flat tape containing approximately 4,000 fibres, 
the fibre diameter was in the range 10 to 12 ym.
3.1.2 Pure resin
Resin specimens of suitable size and shape for the determination of 
expansion coefficient using the Dupont thermomechanical analyser were 
obtained in the following manner. The activated resin was cast into 8 mm 
diameter pyrex glass tubes of 50 mm in height. The polyester resin specimens 
were then allowed to cure at room temperature for 24 hours while the epoxy 
resin was cured by heating for 3 hours at 100°C in an air circulating furnace. 
The tubes containing the cured resin were then cut into lengths of between 
6 and 8 mm using a water cooled rotary diamond wheel. The resin specimens 
were found to be readily removed from the surrounding glass ring due to the 
shrinkage associated with gelation of the resin and the action of water from 
the cutting wheel as a release agent at the resin/glass interface. In all 
cases the specimen height was kept below 8 mm in order to minimize thermal 
gradients which could affect the measured value of expansion coefficient.
Flat rectangular slabs of pure resin suitable for tensile testing were 
obtained by pouring activated resin into an aluminium mould of dimensions 
215 mm x 120 mm x 6 mm. The mould consisted of two flat plates separated 
by three side-blocks 6 mm thick. The fourth side of the mould was left 
open to allow the resin to be poured in. Prior to assembly of the mould 
all the internal surfaces were polished with a proprietary metal polish to 
obtain a smooth finish, and then a thin coating of *slip-wax1 was applied 
and allowed to dry. Brass screws were used to hold the assembled mould
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together. The activated resin was then poured into the mould and cured 
to produce a flat plate which on removal from the mould was cut, using a 
water-cooled rotary diamond wheel, into four specimens of approximately 
210 mm x 25 mm x 6 mm.
To prevent the grips of the tensile testing machine from damaging the 
specimens and causing premature failure aluminium end-tags were glued onto 
the specimen using Araldite adhesive. For good adhesion the specimen surface 
was lightly abraded with emery paper and the end-tags were etched with a chromic 
acid solution. The end-tags, approximately 50 mm x 25 mm x 1.5 mm, were 
positioned to give a specimen gauge length of 100 mm, Figure 3.1. Thinner 
end-tags, 0.75 mm thick, were found to give inadequate protection to the 
resin specimens.
Samples 6 mm wide and 1-2 mm thick suitable for dynamic mechanical 
analysis were also cut from the cast resin plates using a water-cooled rotary 
diamond wheel.
3.1.3 Unidirectional laminates
Unidirectional laminates were produced by machine winding individual 
plies of E-glass fibre rovings onto square steel frames, 400 mm x 400 mm, 
made from mild steel strips, 25 mm wide and 2 mm thick, spot welded at each 
corner.
The impregnation of the fibres with polyester resin was achieved by 
pouring the activated resin onto a Melinex sheet supported on a glass plate 
300 mm square and 5 mm thick. The glass wound steel frame was then placed 
over the glass plate causing the resin to wet the fibres. A second Melinex 
sheet was then placed over the frame and any remaining entrapped air was 
removed by wiping the release film with a plastic spatula. Once the glass 
fibres were fully wetted-out a second glass plate was placed onto the 
laminate and a pressure of approximately 10 K Pa applied. The laminate was
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Figure 3.1 : Schematic illustration of tensile test pieces
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Figure 3.2 : Model unidirectional laminate showing the longitudinal (£) 
and two transverse directions (tl and t2).
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then allowed to cure for 24 hours at 20°C. In a control experiment a 
chrome/alumel thermocouple was embedded in the laminate and at the accelerator 
level used no exotherm could be detected. This technique produced 
unidirectional laminate plates 200 mm wide and 250 mm long whose thickness 
could be varied from 1 to 4 mm depending on the number of individual plies 
wound onto each frame and the number of frames combined for each laminate.
These specimens had a fibre volume fraction of 34 2% as measured by the
three different techniques outlined in Section 3.2.4. Polyester laminates 
with a higher fibre volume fraction, approaching 50%, could be obtained by 
the careful removal of excess resin during the wetting-out procedure.
The epoxy resin laminates were prepared using an elevated temperature, 
vacuum assisted impregnation technique (112). At the cure temperature of 
100°C the epoxy resin has a lower viscosity than the polyester resin at 
room temperature so that a higher fibre volume fraction, 55 +_ 5%, was achieved. 
The laminate was cured in an air-circulating oven while held between metal 
plates and under a load of 3 KPa.
Once cured the laminates, both polyester and epoxy based, were cut from 
the metal frames using a water cooled rotary diamond wheel to produce plates 
approximately 200 mm x 250 mm. Test pieces 10 mm long and 8 mm wide were 
cut from the unidirectional sheets for the determination of the longitudinal 
and transverse expansion coefficient. These specimens were in the form of 
regular square sided blocks with the reinforcing fibres running down the 
length of the specimen. This is illustrated in Figure 3.2 where the through­
thickness transverse direction is defined as tl and the in-plane transverse 
direction is defined as t2. Thermal expansion test-pieces were obtained 
from laminates between 2 and 4 mm in thickness.
Unidirectional test-pieces suitable for tensile testing were also 
obtained from the laminate plates. From each plate 8 unidirectional
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specimens 200 mm x 25 mm were cut with the fibres running down the length of 
the test-piece, these are referred to as 0° or longitudinal ply specimens.
An additional 3 test-pieces of the same dimensions were cut with the fibres 
running perpendicular to the main specimen axis, and referred to as 90° or 
transverse ply specimens. Prior to tensile testing aluminium end-tags were 
attached to each specimen following the method employed for the pure resin 
test-pieces, see Section 3.1.2. Tensile tests were carried out on specimens 
cut from one-ply and two-ply thick laminate plates corresponding to a thickness 
of 1 mm and 2 mm respectively. The results obtained for each were identical 
except the single ply specimens showed a larger scatter reflecting the 
larger error in measuring the cross-sectional area of these specimens.
Longitudinal and transverse specimens suitable for dynamic mechanical 
testing were cut from unidirectional laminate plates using a water cooled 
rotary diamond wheel. The specimens were rectangular, 30 mm long and between 
6 and 10 mm wide. Due to the design of the dynamic testing apparatus only 
1 ply thick specimens could be examined.
3.1.4 Cross-ply laminates
Unbalanced cross-ply laminates suitable for measuring thermal strains 
were produced using an extension of the technique described above for 
unidirectional laminates.
Unbalanced epoxy cross-ply laminates were obtained from a simple one-stage 
technique. -In this, glass fibre unidirectionally wound steel frames were 
stacked in the required order to produce an unbalanced (0°/90°) laminate.
The fibres were then impregnated with the epoxy resin using the high- 
temperature vacuum impregnation technique used for the unidirectional 
laminates (Section 3.1.3). Because of the low viscosity of the hot epoxy 
resin no problems of fibre wetting were encountered.
Unbalanced polyester cross-ply laminates were made using a two-stage
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process. The glass rovings were wound onto the steel frame as before and 
a single unidirectional ply was produced using the method described in
3.1.3 and allowed to cure for 24 hours at room temperature. After the ply 
had cured the top melinex sheet was removed to expose the laminate surface. 
Onto this surface a second ply was layed-up with its fibres at right-angles 
to those in the cured bottom ply. The top layer was allowed to cure for 
24 hours to produce the finished unbalanced laminate. This two-stage 
lamination procedure has been found to produce laminates substantially free 
of damage and with well controlled fibre alignment. This is in contrast to 
a one-stage lay-up procedure which was hampered by the viscosity of the 
polyester resin and produced laminates with unacceptable levels of fibre 
damage and misalignment.
Once cured the epoxy and polyester (0°/90°) laminates were cut from 
the metal frames and then into test coupons 200 mm long by 10 mm wide.
As expected the cured epoxy coupons exhibited a distinct curvature as a 
result of cooling from the cure temperature. More surprisingly the room 
temperature cured polyester laminates also showed a distinct curvature.
This is thought to result from resin shrinkage that accompanies the gelation 
and curing of the polyester resin. Indeed coupons cut with the originally 
gelled layer as the transverse ply showed less curvature than those with 
the originally gelled layer as the longitudinal ply (see Section 4.2). In 
order to maintain a constant set of initial conditions all of the unbalanced 
polyester laminates were cut so that the originally gelled layer formed 
the transverse ply.
3.2 Characterisation of Resin and Laminate Properties
3.2.1 Determination of thermal expansion coefficients
The thermal expansion behaviour of both the resin and laminate 
specimens were studied, where possible, over the temperature range -50 to
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150°C using a Dupont 942 Thermomechanical Analyser (TMA). This is shown
diagrammatically in Figure 3.3, and consists of a silica-glass expansion 
probe and sample holder tube. The expansion probe is a rod 2.54 mm in 
diameter, with a flat end parallel to the base of the sample holder tube.
A moveable-core linear variable differential transformer (LVDT) is located 
above the probe. This provides a D.C. electrical output proportional to the 
linear displacement of the core from the electrical centre of the search 
coil. The position of the core, which is connected directly to the 
expansion probe, depends on the expansion of the specimen upon which the 
probe rests. The sample under test is heated at a constant rate using a 
small cylindrical heater placed around the sample tube. The temperature of 
the specimen is measured by a thermocouple attached to the sample holder 
stage and bent to make contact with the specimen.
The output of this apparatus is a trace of the change in specimen length, 
AL, as a function of specimen temperature T, referred to here as a AL/T 
thermogram. In many cases the thermograms were found to be non-linear, the 
reproducible curvature suggested that the expansion coefficient, a, was a 
function of temperature. As a result the value of a has been calculated at 
10 K intervals over the temperature range examined. (N.B. where a changed 
rapidly with temperature 5 K intervals were used.) The value of thermal 
expansion coefficient at any temperature T, defined as a(T), is given by,
where L(T) is the specimen length at temperature T, and 3L/9T is the gradient 
of the thermogram at L(T). For any temperature L(T) can be obtained from the 
length of the specimen measured at room temperature L(20) and the AL measured 
on going from ambient to T. However, since L(20) is large compared to the 
total change in length over the entire temperature range examined L(T) may
(3.1)
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Figure 3.3 : Diagram of the Dupont 942 Thermomechanical Analyzer (TMA)
<
T (°C)
Figure 3.4 : Probe displacement (AL) - Temperature (T) curves for Crystic 272 
polyester resin (post-cured at 130°C for 1.5 hours).
1st cycle (A), 4th cycle (■). The dashed line is parallel to 
a chord between points on the curve at T 5°C where T = 30°C, 
with AL and AT as shown.
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be taken as L(20) without significantly affecting the accuracy of a(T).
In practice it is difficult to accurately draw a tangent to the AL/T 
thermogram and obtain the gradient 3L/3T. This problem was overcome by 
constructing chords on the curve between (T + 5) and (T -5). At these 
increments AL/AT, shown in Figure 3,4 approximates very closely to 3L/3T.
Calibration of the apparatus was carried out using a standard block of
aluminium.of known expansion coefficient (a = 23 x 10 ^ K ^)# As a further
check base-line measurements were made by running the apparatus in the
absence of a sample. This revealed a slight positive bias which represented
—6 *"1
an error of + 2.5 x 10 K over the temperature range examined. All of
the values reported here have been corrected to account for this effect.
In order to measure a over the required temperature range it was necessary 
to cool the specimen to below -50°C. This was accomplished by enclosing the 
cylindrical heater and sample holder in a specially designed thermos-flask 
containing a small quantity of liquid nitrogen. By controlling the quantity 
of liquid nitrogen it was possible to cool the specimen, specimen holder and 
heater assembly to between -60 and -70°C. The specimen was then held at this 
temperature for at least 10 minutes, prior to heating, to establish thermal 
equilibrium.
In addition to liquid nitrogen cooling the apparatus was constantly 
flushed with oxygen-free-nitrogen to eliminate possible oxidation effects 
and help establish reproducible conditions. It also ensured that any 
volatile products released from the specimen did not condense on the bearing 
surfaces of the apparatus.
A heating rate of 2 K min  ^was employed in all the tests carried out 
since this was found to eliminate specimen size effects associated with the 
low thermal conductivity of the polymer resin. The effects of varying the 
heating rate and specimen size on the measured value of a was investigated
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using polyester resin specimens of differing nominal diameter (5, 8, 10 and 
11 ram). Specimens of all four diameters were found to give identical values 
of a provided the heating rate was 0.5 K min  ^or less. At faster heating 
rates the larger diameter specimens gave progressively smaller values of a.
In practice specimens 8 mm in diameter were used since the glass tubes could 
be easily filled with resin and a heating rate of 2 K min  ^could be 
employed. It should be noted that all the specimens cut from a single cast 
rod were found to have the same expansion coefficient, within experimental 
error, demonstrating the homogeneity of each casting.
In most cases the AL/T thermograms from a single specimen were found
to be highly reproducible, provided the test temperature did not exceed the
softening temperature of the resin. A typical result is shown in Figure 3.4
for a polyester resin sample post-cured at 130°C and subjected to 4 heating
cycles. For the sake of clarity only the first and final runs are shown
where the maximum difference exists. A similar difference existed between
the first and second cycles and subsequent runs were identical. The maximum
difference between the thermograms is small and represents an error of 4%
in the calculated value of a^. The thermograms, from individual specimens of
equal length at room temperature, were of similar reproducibility and the
set of curves obtained were found to be superimposable. The results presented
here as linear expansion coefficients are averages of at least 5 individual
■"6 “1measurements whose reproducibility was + 5 x 10 K which is considered 
the error in the technique.
The pure resin specimens were found to be isotropic so that it is 
necessary to present only a single value of the expansion coefficient at any 
temperature T, defined as cc^CO. For. the unidirectional laminates three 
different expansion coefficients have been measured. A longitudinal value 
measured parallel to the fibre axis, a£^) anc* two transverse values
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perpendicular to the fibre axis, one through the thickness, at ^(T) and 
the other in the plane of lamination This is illustrated in
Figure 3.2. For the epoxy laminates no measurable difference between 
at^(T) and at 2^  was found but in polyester based laminates a significant 
difference was observed which decreased with increasing post-cure temperature.
3.2.2 Tensile property measurements
Tensile testing of both resin and laminate specimens was carried out 
using an Instron 1196 universal tensile testing machine. In this the specimen 
under test is gripped between a fixed jaw and one attached to a moving cross­
head driven at a constant displacement rate. In these tests a cross-head 
speed of 0.05 mm min  ^was used which corresponds to a strain rate of 
0.05% min  ^ for the specimen gauge length used. The load on the specimen was 
measured using an electrically calibrated load cell located in the moving 
cross-head and whose output was used to drive the y-axis of an x - y chart 
recorder.
The strain in the specimens was measured using two foil strain gauges,
type QFLA-6 (Technimeasure Ltd), attached to the specimen using 24 hour Araldite
adhesive. (The strain gauges and aluminium end-tags were fixed to the specimens
at the same time and these were allowed to cure at room temperature for at
least 72 hours prior to tensile testing.) One of the strain gauges was
aligned parallel to the major axis of the specimen in order to measure the
longitudinal strain and its output was used to drive the x-axis of the x - y
chart recorder. The second strain gauge was aligned perpendicular to the
specimen major axis and its output was monitored using a 1 Vichy* strain box
which gave a direct reading of the transverse strain. An event marker was
used to record regular increments of transverse strain on the x - y chart
_6
recorder. Increments of 250, 100 and 20 micro-strain (x 10 ) were used for
the resin, 0° laminate, and 90° laminate specimens respectively.
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Thus each tensile test produced a graph of load as a function of 
longitudinal strain, the curve containing marks indicating the longitudinal 
strain at which each increment of transverse strain was reached. Based 
on the original cross-sectional area of each specimen it was possible to 
determine the stress/strain curve (a vs e) and hence the elastic modulus. 
Poissonfs ratio was determined directly from the ratio of the measured 
transverse and longitudinal strain, v = - e /e . All tensile tests were
L X/
performed at room temperature.
The specimens were not tested to destruction but after the first test 
they were post-cured and retested. Using this method it was possible to 
monitor the effect that the post-cure had on the modulus and Poisson's ratio.
In order to reuse the specimens a strain limit of 0.7, 0.4 and 0.1% was 
imposed on the resin, 0° laminates, and 90° laminates respectively.
3.2.3 Dynamic mechanical analysis
The damping characteristics of the polyester resin and laminate 
specimens were determined over the temperature range 0°C to 130°C using a 
Polymer Laboratories Dynamic Mechanical Thermal Analyser (DMTA) , this is a fixed 
frequency, variable amplitude type analyser and consists of a dynamic 
measuring head, a microprocessor controlled analyser and a temperature 
programmer. The apparatus applies a sinusoidally varying displacement 
via a driven-arm clamped centrally on a thin rectangular specimen fixed at 
both ends in a passive frame, Figure 3.5. The analyser is programmed to apply 
a fixed frequency of specimen, flexure. This is done by varying the current 
supplied to a large electromagnet to which the driven arm is connected. The 
resulting displacement of the driven-arm, which is controlled by the 
viscoelastic response of the specimen, is monitored using a small electro- 
optical device operating from a small 'flag' attached to the arm.
For a linear viscoelastic specimen the strain will alternate sinusoidually
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but will be out of phase with the stress. This phase lag results from the 
time necessary for molecular rearrangements and is associated with relaxation 
phenomena. By comparing the phase-angle between the drive signal and the 
actual response of the driven-arm the analyser is able to determine the loss 
tangent, tan 6, which is the ratio of the energy dissipated to the maximum 
potential energy stored per cycle. The stress in the specimen can be 
considered to consist of two components, one in-phase and the other 90° out 
of phase with the strain. By dividing these stresses by the strain real 
(in-phase) and imaginary (out-of-phase) moduli are obtained. When the 
apparatus has been calibrated for the specimen dimensions the anlyser can 
determine the real component E^ called the storage modulus since it is the 
maximum potential energy stored per cycle. Since both tan 6 and are 
dependent on the structure of the polymer structural changes such as occur 
at the glass transition can be readily detected using this technique.
The frequency of specimen flexure used in these tests was chosen to 
be 1 Hz and this was kept constant. The amplitude of specimen displacement 
was determined by the microprocessor controlled analyser which was set to 
operate in its 'auto1 strain control mode. This enabled the analyser to 
operate under optimum conditions despite changes in specimen response with 
increasing temperature. Heating of the specimen was achieved using a large 
cylindrical heater placed around the dynamic measuring head and controlled 
by the temperature programmer. A heating rate of 2 K min  ^was used in 
all of the tests once it had been ascertained that there were no heating 
rate effects in the specimens below 5 K min
Each test produced a plot of storage modulus (log E^) and tan 6 as a 
function of specimen temperature.
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3.2.4 Volume fraction determination
The fibre volume fraction, V^, of the laminates has been determined 
using three separate and independent techniques: (i) density measurements;
(ii) thickness measurements and (iii) thermal decomposition of the resin 
sometimes referred to as 'resin burn-off1.
i) Density measurements - The fibre volume fraction, V^, in a void-free 
laminate is directly related to the laminate density, pc> and that 
of its constituent fibres and matrix by the relation,
vf ■ <pc - (3-2>
(pf - < > * > ■
When the densities of the fibre, pr, and resin, p , are known thent m
Vf can be calculated from knowledge of the laminate density.
The density of both resin and laminate specimens were obtained 
by measuring the dimensions of each specimen with a micrometer and 
then weighing them using an analytical balance accurate to 0.1 mg.
This method was applied to all of the individual specimens used to 
determine thermal expansion. For the cylindrical resin castings 
the volume was determined from the average of 6 determinations of 
diameter and height. The volume of the rectangular laminate specimens
was obtained from the average of 4 determinations of length, width
and thickness. From the known dimensions and weight of each specimen
the density could be easily determined.
The values of determined from equation 3.2 were calculated 
using the measured density of the resin and taking p^ to be 2.55 g cm 
(123).
ii) Thickness measurements - During the machine winding of the fibres onto 
the square metal frames a known number of tows, C, were laid down over
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a given width for each ply. For a laminate containing N plies the fibre 
volume fraction is related to thickness, t, by the relationship,
Vf = (N C F) / (t pf) (3.3)
where F is the fibre tow weight per metre.
Using equation 3.3 was determined from the measured laminate 
thickness (through the plane of lamination) and known values of N, C,
F and p^. This method is applicable to all laminates and has been 
used to determine the fibre volume fraction in each ply of cross-ply 
laminates based on the measured values of b and d.
iii) Thermal decomposition of the resin - Laminate specimens of known
weight, W£, were heated for 3 hours at 600°C in preweighed ceramic 
crucibles. This caused the resin to burn away without appreciably 
affecting the glass fibres. After cooling to room temperature in a 
dessicator the crucibles were reweighed to determine the weight of 
the remaining fibres, Wf. From knowledge of the fibre and matrix 
densities can be calculated using the equation,
Vf = (Wf/pf) (3.4)
(W,/pc) + (W /p ) t Kf' v m
where W = W - VL. 
m c f
Due to the destructive nature of this method its use was
limited to determine the fibre volume fraction of previously
characterized thermal expansion and tensile test specimens.
Figure 3.6 shows in histogram form the values of Vf determined for
24 laminate specimens, 10 mm x 8 mm x 4 mm, using the three different
methods described above. For these polyester based laminates Pm was taken 
-3as 1.21 g cm which is the value given by the resin manufacturer (124); this
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Figure 3.6 : Histograms of the fibre volume fraction of 24 polyester
laminate specimens as determined by i) Density measurements,
ii) Thicknessjneasurements, and iii) Thermal decomposition of 
the resin. (V^ is the average fibre volume fraction of all 
24 specimens.)
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Resin System Post-cure Schedule Density
-3
g cm
Crystic 272
As-cured
(ie 24 hours at 23°C)
1.203
+ 15 hours at 50°C 1.209
2 phf* Catalyst "M11
+ 3 hours at 80°C 1.211
0.25 phr Accelerator "E"
1.5 hours at 130°C 1.211
Epikote 828 
+
As-cured
(ie 3 hours at 100°C 1.229
80 phr NMA -
+ 3 hours at 150°C 1.231
1.5 phr BDMA
TABLE 3.1 : Density of polyester and epoxy resins subjected
to increasing post-cure temperature
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value is the same as the density of the resin determined using the technique 
outlined in (i) and shown in Table 3.1. Inspection of Figure 3.6 shows that 
the average value of obtained by all techniques are within 2%, the entire 
range of results being covered by a spread of only 4%. Interestingly the 
density measuring technique provides lower values of than either of the 
other two. This is possibly the result of voids in the laminate which 
contribute to the measured volume but not the weight. A comparison between 
the average values of determined by this technique, 33% with the average 
values obtained by the other techniques, 34.5% and 35.2%, suggests a void 
content of 2% or less. Values of determined from laminate thickness and 
by thermal decomposition are very similar. Such agreement between the 
more traditionally accepted technique of resin ignition and the thickness 
measurement based method allows the latter to be used with confidence.
3.3 Thermal Strain Measurements
3.3.1 Principles
It has been shown (1,3) that on cooling from a temperature T to a 
lower temperature the thermal strain which develops in the longitudinal
direction of the transverse ply in a balanced (0O/90°/0°) cross-ply laminate,
th . . ,
et£, is given by,
etZ = E Z b ^*t “ aS? T^1 ~ T2^  3^ *5^
(E^ b + Et d)
where, , Et, and are the Young’s modulus and linear thermal 
expansion coefficients of the 0° and 90° plies measured in the Z direction, 
see Figure 3.7. For a cross-ply laminate made from plies with the same 
fibre volume fraction, which is the usual case, E^, Et and are the
Young’s moduli and thermal expansion coefficients of a single ply, parallel 
and perpendicular to the fibre axis, b and 2d are the 0° and 90° ply
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tl
Figure 3.7 : Model (0°/90°/0°) cross-ply laminate and constituent
unidirectional ply showing directions in which the thermal 
strains act.
STEEL PLATE
Figure 3.8 : Model unbalanced (0°/90°) cross-ply beam where b and d
are the 0° and 90° ply thicknesses respectively. Y, x, 6 and R 
are the beam length, semi-chord length, maximum beam 
displacement and radius of curvature.
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thickness. is the temperature at which strain is first built into the
laminate and is dependent on the visco-elastic nature of the matrix.
tti
T2 is the temperature at which e is measured.
(It should be noted that the above equation is not strictly correct 
since it ignores certain terms. The corrected equation is given in 
Appendix A.)
Similarly Parvizi (3) gives,
■ - Et d <T1 - T2> / (E*b + E t d) (3.6)
ett = V  (°t - V  (T1 - V  > <E* d + Et b> (3.7)
th
£tt “ ' Et b (“t - V  (T1 - V  / (E* d + Et b) (3.8)
when b - d then eth th , th th11 = ett and etn = E*t
Using equations 3.5 to 3.8 it is possible to calculate the levels of 
thermal strain developed in the different directions of each ply provided 
all.the terms in the equations are known. In most cases however the values 
of cc^ , and are not known. To overcome this problem a method of 
determining the thermal strain was developed by Bailey et al (1). This 
consists of making an unbalanced cross-ply laminate with a (0°/90°) 
configuration. Because of the mismatch between the expansion coefficients 
of the two plies, cooling from an elevated temperature causes a thin beam 
specimen to curve in the manner of a bimetal strip. In an analysis of 
bimetal thermostats Timoshenko (125) derived the relationship,
(ot - a t) (Ti - T2) = 1 _
R
(b + d) + /(EJlb' + Et d V
6 (b + d) (E.h) <Etd),
(3.9)
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where R is the radius of curvature of the beam. (It should be noted that 
equation 3.9 has been rewritten from its original form given in (125) to 
incorporate the nomenclature consistent with equations 3.5 to 3.8 and 
Figure 3.7. The validity of applying this equation to composite beams is 
outlined in 3.3.2.)
For the case where b = d equation 3.9 reduces to the simpler form,
This is the same equation as that derived by Brand and Backer (126) using 
compound beam theory.
Thus by measuring the value of R at some temperature T2 and from known 
values of b, d, and Et it is possible to calculate the term (at - a^) (Tj-T2> 
using equation 3.9 (or 3.10). This value may then be used in equations 3.5 
to 3.8 to obtain the values of thermal strain in the laminate. The technique 
of monitoring the curvature of unbalanced laminates has been used by 
several workers (21-25). It has the advantage of being very simple and takes 
into account any stress relaxations occurring during the cooling process 
and eliminates the need for measuring a^, at and T^ individually.
3.3.2 Experimental method
In the previous section it was shown that the thermal strain in 
cross-ply laminates is directly related to the radius of curvature of 
an unbalanced (0°/90°) laminate. Unbalanced laminate beams 200 mm long and 
10 mm were produced using the method described in Section 3.1.4. After 
post-curing in an air-circulating furnace for the required time the unbalanced 
beams were allowed to cool to room temperature, placed on a flat steel plate, 
and the maximum displacement from the flat, 6, was measured to +_ 0.01 mm using 
a travelling microscope, Figure 3.8. The chord length, 2x, between the
(3.10)
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two points of contact of the curved specimen and steel plate was measured 
to an accuracy of +_ 0.5 mm using a steel rule. The radius of curvature, R, 
of the specimen was calculated from,
obtained from trigonometrical considerations.
The travelling microscope was also used to measure the longitudinal 
and transverse ply thicknesses, b and d, at five separate positions along 
the length of the specimen. The specimen thickness, h (where h = b + d), was 
also recorded at these positions using a micrometer as an independent check. 
The measured values of h and those calculated from b and d at the same point 
were found to be in good agreement, a scatter of 0.05 mm being common on 
specimens 2-3 mm thick. In calculating the thermal strain for a particular 
specimen average values of b and d were used. In general the five measured 
values of b and d only varied within 4^ 0.1 mm in 1.5 mm down the entire 
length of the specimen. Specimens with a greater variation in b or d down 
the specimen length were rejected. The values of b and d obtained for each 
laminate were used in equation 3.3 to obtain a measure of the fibre volume 
fraction in each ply. Based on these values of the longitudinal and 
transverse ply moduli were calculated from the Halpin-Tsai equations (127) ,
and A is a constant associated with the fibre packing arrangement. Bailey 
and Parvizi (128) found excellent agreement between experimental and 
calculated values of Et in both polyester and epoxy glass-fibre laminates
R (3.11)
L 2 6
(3.12)
E = E (1 + A B Vf) t m t (3.13)
(1 - B Vf)
where B = {(Ef/Em) - 1 } / |  (Ef/Em) + a }
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using a value of A = 2. This is supported by the results of tensile tests 
carried out in this study, Section 3.2.2.
Using the calculated values of R, E^, Et and measured values of b and d 
the thermal strain in the transverse ply can be calculated using equations 
3.9 and 3.5. The method of using E^ and Et values determined from b and d 
was found to aLlow small variations in the thickness of individual plies in 
a specimen to be accounted for.
In the derivation of equation 3.9 Timoshenko made a number of assumptions 
to simplify the analysis and it was felt necessary to check if these 
assumptions were valid for these composite beams. To ensure that the 
unbalanced laminate beams adopted a shape that was an arc of a circle, a 
circle of the calculated specimen radius was constructed on paper and the 
specimen placed on it. In all cases good agreement was found, even for 
specimens with large thermal strains and hence small values of R.
Timoshenko also assumed that the beam width, to, was small relative to 
its length, Y, so that any forces acting across the specimen were negligible 
and did not affect measured values of 6. As to approaches Y, the beam 
becomes a plate and on cooling it would be expected to take up a saddle-shape 
due to the anisotropic thermal expansion of the individual plies. The 
unbalanced laminate plates, from which the specimen beams were cut 
(Section 3.1.A), were indeed found to adopt a classical saddle-shape. 
Interestingly Heyer (129) has observed that unbalanced laminate plates 
made from very thin plies adopt one or other of two stable cylindrical 
configurations whereas plates with thicker plies adopted the saddle-shape 
predicted by classical lamination theory.
The effect of beam width on the measured value of <5 was investigated 
by varying to from 50 mm down to 5 mm at a constant beam length of 200 mm.
It was found that for to < 20 mm, ie when to < 0.1Y, then 6 was invariant.
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Normally coupons with w - 10 mm were used since they were the most convenient 
to prepare and use.
Examination of equation 3.9 reveals a dependence on the ratio E0/E . InXf L
the original analysis of Timoshenko in which metal beams are considered, this 
ratio is normally in the range 0.5 to 2 and is considered insensitive to 
changes in temperature. For the glass fibre reinforced composite beams 
considered here E 0/E is in the region 3 to A and dependent on the fibreX w
volume fraction of both plies. More importantly Et, which is dominated by 
the matrix properties, is expected to be more sensitive to temperature changes 
than E^. As a result the ratio E^/Et will vary during heating and cooling.
In order to investigate the magnitude of any changes, the dynamic moduli of 
fully post-cured Crystic 272 and Epikote 828 resins were recorded as a 
function of temperature using a Polymer Laboratories DMTA, see Section 3.2.2. 
The values of matrix modulus obtained were used to calculate values of E^ and
Et from equations 3.12 and 3.13. The results of these calculations are given 
in Figure 3.9 as plots of (E^ /E^ .) against temperature. These show that
(E /E ) changes little with temperature below the T of the resin, supporting
36 t g
the validity of equation 3.9.
The model of Bailey et al (1), although useful, only gives the total
thermal strain at room temperature and does not allow the temperature 
tildependence of e ^ to be determined. This limitation was overcome by using 
the travelling microscope to follow the deflection of the unbalanced 
laminate beams as they were heated and cooled in a glass fronted air- 
circulating oven. From this technique a plot of beam deflection, 6, as 
a function of temperature was obtained. From such plots it was observed 
that for the fully post-cured polyester laminates the value of 6 and T^ 
increased with increasing cooling rate, Figure 3.10. Once this cooling rate
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Figure 3.9 : Variation of the ratio of longitudinal and transverse
moduli (E^/E.) with temperature T of glass fibre reinforced 
laminates. Crystic 272 polyester resin (•), = 0.34 and
Epikote 828 epoxy resin (■), = 0.55.
20 40 60 80 100 120
T ( °C)
Figure 3.10 : Temperature dependence of the displacement 6 (see Figure 3.8) 
for an unbalanced (0°/90°) cross-ply laminate of Crystic 272 
post-cured at 130°C for 1.5 hours, fast cooled (0) and 
slow cooled (X) from the post-cure temperature.
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dependence had been identified all specimens were slow cooled after post- 
curing by allowing the specimen to cool in the oven.
Since it was difficult to accurately measure the chord length, 2x, at 
different temperatures in the glass fronted oven a new method of calculating 
the radius of curvature was developed. The total length of the specimen 
beam, Y, can be shown to be relatively insensitive to temperature change, so 
that R may be calculated using the iterative equation (130),
i = •cos_1 { 1 ■ } (3.14)
(argument in radians)
This calculation was carried out using a simple Basic computer program 
involving an iterative procedure whereby the difference between successive 
values of R decreased until two successive values were the same. A rapid 
convergence was obtained, usually within ten repetitions, depending upon the 
initial value of R. The value of Y used in this calculation was obtained from 
values of 6 and x measured at room temperature using the relationship,
2 2 
(6 + x )
. -1s m (2 6 x)
2 2 (« + x )
(3.15)
(argument in radians)
obtained from simple trigonometric consideration of Figure 3.8.
Using this technique simple plots of 6 vs T can be converted into 
plots of (1/R) vs T and then used to obtain the thermal strain as a function 
of temperature.
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C H A P T E R  4
RESULTS
4.1 Thermal Expansion Coefficients
4.1.1 Resins
Typical AL/T thermograms for the Crystic 272 polyester resin given 
different post-cures are shown in Figure 4.1. For the fully post-cured,
130°C, resin these thermograms were found to be reproducible on heating 
and cooling over the temperature range examined. Thermograms for the 
cold-cured and partially post-cured polyester resin were also found to 
be reproducible on thermal cycling provided the test temperature did not 
exceed the resin post-cure temperature, or 45°C for the cold-cured resin.
If the temperature was allowed to rise above this value the probe 
displacement became negative for a time followed by a rapid increase in AL, 
this is not shown due to the irreproducible nature of this behaviour. The 
negative probe displacement is believed to occur as the resin exceeds its 
glass transition temperature and could indicate probe penetration into the 
specimen, overall specimen creep or shrinkage associated with continued resin 
curing. On cooling such specimens to room temperature a small decrease 
in specimen length was observed as indicated by the TMA trace. Examination 
of the specimens revealed no evidence of probe penetration and due to the 
low loads applied during testing (5 gm) it is thought unlikely that overall 
specimen creep was occurring. This suggests that shrinkage is associated 
with continued resin curing above the glass transition temperature. Samples 
retested after heating above their original post-cure temperature 
exhibited higher softening temperatures and lower gradients.
Table 4.1 gives values of am (T) of the polyester resin obtained from 
the AL/T thermograms using the method outlined in Section 3.2.1. At any 
temperature, am (T) decreases with increasing post-cure temperature. As a 
result am (T) can be considered to be an inverse measure of the degree of
cure.
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Figure 4.1 : The probe displacement-temperature (AL/T) thermograms for
Crystic 272 polyester resin subjected to different post-cure 
schedules; not post-cured (A), 15 hours at 50°C (+),
3 hours at 80°C (■), and 1.5 hours at 130°C (•) .
time (hours)
140
130
120
■100om
time (hours)
Figure 4.2 : Time dependence of a (30) during the post-curing of
Crystic 272 polyester resin at 50°C, (■), and 80°C (•) .
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The thermal expansion coefficients were determined within five days
of post-curing, the specimens being stored in a dessicator prior to testing.
However some fully post-cured polyester samples were tested which had been
stored in air for one week. These showed the presence of an inflection in
the AL/T thermogram corresponding to an increase in am (T) . An increase
in thermal expansion of certain thermosetting resins has been attributed
to absorbed water (55,56,61). In order to investigate this effect further,
fully post-cured polyester specimens were immersed in distilled water for
two days prior to testing. The calculated values of ^(T) for this 'wet'
resin are included in Table 4.1 and exhibit a significant increase in a (T)
m
over the as-post-cured material. This change in behaviour was associated
with an average weight gain of 0.3 (+0.05) wt % for six specimens. Provided
the test temperature did not exceed 70°C this increase in cxm (T) was found
to be reproducible over at least three heating and cooling cycles with
no measurable change in specimen weight. However isothermal heating at
100°C for five hours removed the inflection in the AL/T thermogram and
a (T) values similar to those of the as-post-cured resin were obtained,m
An average weight loss of 0.35 (+ 0.Q5) wt % was observed for six polyester
resin specimens immersed in water for two days and then dried at 100°C.
Re-immersion in water for two days resulted in a similar weight gain and
an increase in the a (T) values.m
For the partially post-cured polyester resin any continued curing
during measurement, which could affect the calculated values of am (T)*was
investigated by recording am (30) as a function of post-cure time at 50°C
and 80°C. This showed, Figure 4.2, that specimens post-cured at 50°C for
15 hours would experience only a negligible change in am (T) during the fifteen
minutes of the test spent above room temperature. Specimens post-cured
at 80°C for 3 hours are observed to possess stable values of a (T) . Them
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dependence of am (T) with time at a given temperature is in accordance with
the observation that cold-cured polyester resins continue to cure on
storage at room temperature as shown by a decrease in 0^(30) from 125 to 
“6105 x 10 over a period of four weeks.
The AL/T thermograms of epoxy resin specimens were less complicated
than those for the polyester resin exhibiting a change in gradient on heating,
which was consistent with a glass transition. The calculated values of
am (T) for epoxy resin specimens cured at 100°C and those post-cured at
150°C are given in Table 4.2. It is of note that below 100°C a (T) ism
almost unaffected by post-curing. Also included in this Table are values 
of % ( T )  for post-cured specimens immersed in water for seven days.
These showed a weight increase of 0.45 wt %. There was no measurable 
difference between the otm (T) values of the fwetf and 'dry* epoxy resins.
Table 4.3 compares the weight increase with time for fully post-cured 
polyester and epoxy resin specimens immersed in distilled water for 
periods up to ten days. This Table also includes data for the cold-cured 
polyester resin.
Immersion Time 
(Days)
Crys 
24 hrs,20°C
tic 272 
1.5 hrs 130°C
Epikote 828 
(Post-cured 3 hrs, 150°C)
2 0.25 OjD.06) 0.30 (+0.05) 0.25 (+ 0.05)
4 0.40 (+0.05) 0.41 (+0.06) 0.34 (+ 0.06)
7 0.48 (+0.05) 0.50 (+0.07) 0.45 (+0.08)
10 0.60 (+0.08) 0.62 (+0.10) 0.59 (+ 0.11)
TABLE 4.3 : Weight increase of fully post-cured polyester and epoxy resins
immersed in distilled water at 20°C.
note: all values are average of six cylindrical specimens of dimensions
- 8 mm high x 8 ram diameter.
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4.1.2 Laminates
A difference between the values of a ,(T) and a rt(T) was observed
tl t2
for the cold-cured polyester laminates and those post-cured at 50°C for 
15 hours. The results for these laminates are given in Table 4.4 which 
show that the expansion measured through-the-thickness of the
laminate, exceeds a^CT) measured in the plane of lamination. After 
immersion in distilled water for two days a^CT) for the 50°C post-cured 
resin was observed to increase while in contrast at^(T) decreased,
Table 4.4. There was no measurable^ change in the values of a (T) . This
behaviour was associated with a weight gain of 0.2 (+ 0.05) wt %.
This difference between the expansion coefficients in the tl and t2 
directions was absent in polyester laminates post-cured at 130°C and so a
single value at(T) is reported along with a^(T), Table 4.5. Also
included in Table 4.5 are results for fully post-cured laminates immersed 
in distilled water at room temperature for 2 and 28 days. This was 
associated with an increase in at(T) values and a weight gain, Table 4.7.
(T) was unaffected after 2 days immersion but after 28 days showed a 
significant decrease at higher temperatures. On isothermal heating at 100°C 
for 5 hours, the values of at(T) for specimens previously immersed for 2 days 
were equal to that of the post-cured laminate. Re-immersion of these 
specimens into water for two days, again produced increases in cx^ CT) and 
specimen weight.
Values of ott(T) and for post-cured epoxy laminates are shown in
Table 4.6. Immersion of these specimens produced a significant weight 
increase, Table 4.7, but did not affect the measured values of a^CT).
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Specimen
Immersion Time 
(days)
Weight Gain 
(wt %)
Glass fibre/Crystic 272 
unidirectional laminate, 
post-cured 1.5 hrs at 
130°C
2 0.15 (+ 0.05)
28 0.60 (+ 0.1)
Glass fibre/Epikote 828 
unidirectional laminate, 7 0.29 (+ 0.09)
post-cured 3 hrs at 
150°C
TABLE 4.7 : Weight increase of fully post-cured polyester and epoxy resin
unidirectional laminates immersed in distilled water at 20 C, 
all values are average of 6 specimens - 8 mm x 10 mm x 4 mm.
4.2 Tensile Properties
4.2.1 Resins
The effect of post-curing on the room temperature mechanical response 
of Crystic 272 polyester resin is shown in Figure 4.3. This gives typical 
stress-strain curves for the gelled and post-cured resin up to the maximum 
applied strain of 0.7%. These curves are slightly non-linear showing a 
decrease in gradient with strain. Due to this non-linearity, values of 
Young’s modulus and Poisson’s ratio have been calculated at 0.1 and 0.5% 
applied strain. These values.are tabulated in Table 4.8 which also 
includes values for the post-cured epoxy resin. For the polyester resin, 
increasing the post-cure temperature results in a larger modulus and a 
lower less strain sensitive Poisson’s ratio.
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(a)
CL
QC
LO
STRAIN (%)
140
(b)
post-cured120
cold-cured
OO
00
LU
£60
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40-
STRAIN (%)
Figure 4.3 : Stress-strain curves for a) Crystic 272 polyester resin
subjected to different post-cure schedules; not post-cured (A), 
15 hours at 50°C (+), 3 hours at 80°C (■), and 1.5 hours at 
130°C (•), b) unidirectional glass fibre reinforced Crystic 272 
laminate, not post-cured and post-cured at 1.5 hours at 130°C.
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Resin
Post-cure
Schedule
Young's modulus, E (GPa) 
0.1% 0.5%
Poisson's ratio, v 
0.1% 0.5%
Polyester 
(Crystic 272)
24 hrs, 20°C 2.35 2.0 0.47 0.42
15 hrs, 50°C 3.25 2.95 0.43 0.40
3 hrs, 80°C 3.7 3.45 0.40 0.38
1.5hrs,130°C 3.9 3.65 0.39 0.37
Epoxy
(Epikote 828
3 hrs, 100°C 
+
3 hrs, 150°C
3.7 3.5 0.39 0.37
TABLE 4.8 : Young's modulus and Poisson's ratio of polyester and epoxy resins
at applied strains of 0.1 and 0.5%
(All results are average of at least 8 separate determinations)
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4.2.2 Laminates
The stress/strain curves of cold-cured and fully post-cured 
longitudinal polyester laminates are linear over the strain range examined, 
Figure 4.3. As a result only single values of E and E , appropriate to
Xj L
all applied strains, are reported, Table 4.9. Post-curing is observed 
to have a negligible effect on the longitudinal Young’s modulus and 
Poisson’s ratio of the polyester based laminates, while the transverse 
modulus increases by an amount proportional to the increase in resin modulus.
Specimen
Post-cure
Schedule
foung's Moduli (GPa) 
E£ . Et
Poisson's Ratio 
V£ Vt
Unidirectional
E-glass/Crystic
272
(Vf = 0.4)
24 hrs, 20°C 32.5 8.6 0.32 0.1
1.5 hrs, 130°C 33.1 9.5 0.33 0.1
Unidirectional 
E-glass/Epikote 
828
(Vf = 0.55)
3 hrs, 100°C 
+
1.5 hrs, 150°C
42 13.5 0.28
not
avail­
able*
TABLE 4.9 : Young’s moduli and Poisson’s ratio of unidirectional E-glass
fibre laminates made using Crystic 272 and Epikote 828.
(All results are an average of at least 6 separate determinations)
* Due to experimental difficulties the Poisson's ratio of transverse 
epoxy laminates could not be obtained.
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4.3 Dynamic Mechanical Analysis
The change in loss tangent, tan 6, with increasing temperature for 
Crystic 272 polyester resin and its E-glass fibre unidirectional laminates 
are presented in Table 4.10. Whilst testing the laminate specimens it 
was found that although the temperature at which damping was a maximum 
remained constant, the peak intensity and width varied by - 15%. The 
values of storage modulus, e \  for the resin were observed to decrease 
by two orders of magnitude over the temperature range investigated but 
provide no extra information and are not included.
4.4 Thermal Strain Measurements
The values of maximum displacement from the flat, 6, as a function 
of temperature, T, for single ply unbalanced polyester and epoxy laminate 
beams are shown in Figure 4.4. The data for these laminates is collected 
in Table 4.11.
During the determination of these values several interesting features 
of the behaviour of the polyester specimens were observed. Firstly when 
a cold-cured laminate beam was manufactured it showed a small positive 
curvature at room temperature. (A positive curvature is where the transverse 
ply forms the inner concave surface of the bent beam.) These unbalanced 
polyester laminates were made using a two-stage process, Section 3.1.4, 
and specimens cut with the originally gelled layer as the transverse ply 
showed less curvature than when this layer formed the longitudinal ply.
On post-curing any difference between the curvature of such specimens 
was found to disappear.
Secondly, on initial heating of cold-cured laminates a negative 
specimen curvature was observed that quickly disappeared leaving the 
specimen flat at the post-cure temperature. Rapidly increasing the temperature, 
again produced a negative curvature that disappeared after a short time
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leaving a flat specimen. This phenomenon could be observed at temperatures 
up to 100°C. Above 100°C and for fully post-cured laminates this effect 
was not observed, the specimen remaining flat.
Thirdly, the displacements for fully post-cured polyester specimens 
were found to be cooling rate dependent; fast rates giving rise to larger 
values of 6 at any temperature. This effect accounts for the limited 
discrepancy between reported thermal strains in polyester laminates post­
cured at 130°C (1,131).
The temperature dependence of the displacement for unbalanced polyester 
laminates made with thicker plies is shown in Table 4.12 and Figure 4.5. 
These laminates exhibit smaller displacements than those with thinner plies. 
Specimens held flat on cooling from 50°C have smaller values of 6 than 
specimens allowed to bend freely. Storing these specimens flat under a 
4 kg load for 24 hours at 20°C reduced 6 but on removal of the load 6 
returned to the original as-post-cured value, Table 4.13.
Figure 4.6 shows the change in 6 of a fully post-cured unbalanced 
polyester laminate during immersion in distilled water and on storage in 
air at 50% relative humidity.
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Figure 4.5 : Temperature dependence of the displacement <5 for an
unbalanced Crystic 272 cross-ply laminate post-cured at 
50°C for 15 hours, allowed to bend (•) and held flat (X) 
on cooling. (See Table 4.12.)
x
5
E10
time (V d a y s  )
Figure 4.6 : Change in room-temperature displacement, 6, with time
of an unbalanced Crystic 272 cross-ply laminate post-cured 
at 130 C for 1.5 hours during immersion in distilled water (■) 
and on storage in air at 50% relative humidity (•) .
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(b =
C rys tic  272
1.1 mm; d = 1 mm)
Epikote 828 
(b = d = 1 mm)
Temperature
C 15 h rs , 50°C
POST-CURE SC 
3 h rs , 80°C
IHEDULE 
1 .5  h rs ,  
Slow Cool
130°C 
Fast Cool 3 h rs ,  100°C
3 h rs ,  100°C 
+
3 h rs ,  150°C
20 10.65 16.30 18.80 2 1 .AO 9-05 13 .90
25 9 .30 15.35 17.80 2 0 .AO 8 .6 0 13. A5
30 7.60 1A.35 16.80 19. A5 8.20 13 .00
35 6.15 13.20 15.75 18. AO 7 .8 0 12 .50
AO A.A5 12.10 1A.65 17.30 7.20 12 .10
A5 2.70 10.70 13.60 16.10 6.75 11 .60
50 1 .2 0 9 . A0 1 2 .AO 1A.90 6 .2 0 11.15
55 0 7 .9 0 10 .90 13.60 5 . 7 ° 10.65
60 6 .3 0 9 . A0 12.30 5 .1 0 1 0 .2 0
65 A .60 7 .80 10.80 A.65 9 .65
70 2 .9 0 6 .2 0 9 .2 0 3.95 9 .2 0
75 l.AO A .70 7 .3 0 3 . A 0 8 .6 0
80 0 .5 0 3 . AO 5 .5 0 2.85 8 .1 0
85 0 2 .2 0 3 .9 0 2 .1 0 7 .6 0
90 1 .1 0 2 .6 0 l.AO . 7 .0  0 .
95 0 .5  0 1 .8 0 0 .80 6 .3 0
100 0 . 2 0 1 .2 0 0 5 .8 0
105 0 0 .8 0 5 .1 0
110 0 . 5 0 A .5©
115 0 3.85
120 3 .2 0
125 2.55
130 1 .8 0
135 1 .2 0
1A0 0
TABLE 4.11t Maximum displacement, 6 (mm) Of unbalanced glass fibre laminates 
with increasing temperature.
All values are an average of at least 4 specimens measured 
during heating and cooling. Typically the values exhibited 
a spread of + 0.2 mm at any temperature.
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Temperature
POST-CURE SCHEDULE
15 hrs, 
Allowed to bend
50°C 
Cooled flat
A
+
1.5 hrs, 130°C
A
1.5 hrs+, 130°C 
+
5 hrs, 100°C
20 5.27 4.58 10.35 9.80
25 4.62 3.95 9.80 9.30
30 3.86 3.23 9.25 8.75
35 3.06 2.47 8.65 8.10
40 2.16 1.62 8.05 7.55
45 1.26 0.81 7.40 7.00
50 0.49 0.17 6.75 6.40
55 0 0 5.90 5.85
60 5.10 5.20
65 4.30 4.60
70 3.50 3.95
75 2.75 3.30
80 2.10 2.60
85 1.50 1.95
90 1.00 1.40
95 0.55 0.80
100 0 0.20
TABLE 4.12 : Maximum displacement,6, in millimetres of unbalanced Crystic 272
polyester/glass fibre laminates* at increasing temperature.
(b = 1.4 mm, d = 1.4 mm).
All values are an average of at least 4 specimens and a spread 
of ±0.20mm was observed typically.
* note: these laminates were made using twice the amount of glass per ply 
as those in Table 4.11 and have fibre fractions of 0.45-0.51.
A - Immersed in distilled water for 5 days prior to post-curing
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Time
(Days)
Max
Type I
imum displace 
Type II
ment, 6 (mm) 
Type I A Type II A
0 5.45 4.23 4.47 3.80
1 5.45 4.49 5.00 4.30
2 5.42 4.50 5.04 4.35
4 5.38 4.55 5.08 4.41
7 5.38 4.60 5.22 4.56
11 5.30 4.62 5.25 4.60
20 5.15 4.80 5.12 4.78
TABLE 4.13 : Change in maximum displacement, 6, with time for
unbalanced polyester/glass laminate beams (V^ = 0.48 ^  0.03) 
post-cured for 15 hours at 50°C. All specimens stored in 
air at 23°C and allowed to assume equilibrium shape in 
the absence of external loads.
note: Type I - slow cooled from the post-cure temperature while free
to bend
Type II - slow cooled from the post-cure temperature while held
flat and then allowed to bend at room temperature
A - As-post-cured specimens held flat for 24 hours at 23°C
and then allowed to bend
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C H A P T E R  5 
DISCUSSION
This discussion is presented in two main sections. In Section 5.1 
the thermomechanical behaviour of the epoxy and polyester resins and their 
glass-fibre laminates is discussed. Section 5.2 correlates the observed 
laminate behaviour with the levels of thermal strain in cross-ply 
laminates made from these resins.
5.1 Characterisation of Resin and Laminate Behaviour
5.1.1 Resins
The temperature dependence of the expansion coefficient, am (T)>
the dry epoxy resin, Figure 5.1, is typical of a polymeric material undergoing
a glass transition. Below the glass transition temperature, T , a (T) isg m
virtually independent of temperature but at the transition a large increase 
is observed. In such cases it is usual to define T^ as the temperature at 
which the expansion coefficient increases rapidly. Thus post-curing at 
150°C causes a shift of T to higher temperatures. Below 100°C the values
O
of am (T) for the cured and post-cured epoxy resin were very similar 
indicating that the microstructure of the resin was not significantly modified 
by post-curing other than an enhanced number of cross-links.
The effective glass transition temperature, T^ - the temperature at 
which strain can first be built into a laminate, can be determined from the 
onset of curvature of an unbalanced cross-ply laminate (see Section 3.3).
The values of T^, given in Figure 4.4, are also found to increase on post­
curing in a manner similar to the values of T obtained by thermomechanical
©
analysis. Table 5.1 shows that the values of T- and T are similar for
1 g
the as-cured resin whereas T^ exceeded T^ by 10-20 K for post-cured specimens.
The expansion behaviour of the polyester resin specimens was 
significantly different from that of the epoxy resin showing a broad rise
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150
150-50 100
Figure 5.1 : Change in thermal expansion coefficient, am (T), with 
temperature, T, for Epikote 828 epoxy resin, cured at 
100°C for 3 hours (■), and post-cured at 150°C for 
3 hours (•). (See Table 4.2.)
150
150100-5 0
C)oT
Figure 5.2 : Change in thermal expansion coefficient,a m (T), with 
temperature, T, for Crystic 272 polyester resin given 
different post-curing schedules; not post-cured (1) , 
15 hours at 50°C (+), 3 hours at 80°C (■), and 
1.5 hours at 130°C (•). (See Table 4.1.)
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Cure Schedule T
8
(°C)
T1
(°C)
100°C, 3 hrs 100 100
100°C, 3 hrs
+ 120 140
150°C, 3 hrs
TABLE 5.1 : Effect of cure schedule on (measured by: TMA) and
(from the onset of curvature of an unablanced laminate) of 
Epikote 828 epoxy resin.
Cure Schedule T
s Ti Tg
(°C) (°C) (°C)
20°C, 24 hrs 45 - 50-55
50°C, 15 hrs 50 50-55 -
80°C, 3 hrs 80 80-85 -
130°C, 1.5 hrs 90
(slow cooled) 
95-105 
(fast cooled) 
>110
110
TABLE 5.2 : Effect of cure schedule on Tg (measured by TMA), T^ (from 
the onset of curvature of an unbalanced laminate) and 
T (obtained by DMTA) of Crystic 272 polyester resin.
O
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in am (T) with temperature, Figure 5.2. As a result it was found more
appropriate to define an apparent glass transition or softening temperature,
Tg, for the polyester resin specimens which was taken as the maximum in
the AL/T thermogram, Figure 4.1. It can be seen that Tg increases on
post-curing at progressively higher temperatures. This is in agreement
with values of T^ obtained from the onset of curvature of unbalanced
polyester cross-ply laminates given in Figure 4.4 and values of T obtained
§
from the maxima in the tan 6/temperature plot obtained by DMTA in Table 4.10.
The effect of increasing post-cure temperature on the apparent T determined
S
by these three techniques is shown in Table 5.2. The agreement between
the techniques is good, the largest difference being for the specimens
post-cured at 130°C. This is a result of the cooling rate dependence of
Tg which was identified in Section 3.2. Thus on fast cooling T^ was 110°C
as compared to 95-100°C on slow cooling.
The polyester resin specimens which had not been post-cured continued
to cure on storage at room temperature showing a decrease in am (30) from 
—6 —1125 to 105 x 10 K over a four week period. This phenomena is well
known for polyester resins cured by a free-radical initiated reaction (132).
Prolonged post-curing at 50°C for 60 hours was found to reduce am (30) to
66 x 10  ^K ^  the same value obtained after 3 hours at 80°C. In addition,
the softening point of the resin post-cured at 50°C was found to have
increased to well above that temperature. This result is in contrast to the
work of Gillham (134,135) who has demonstrated that the T of thermosetting
epoxy resins is a function of the post-curing temperature up to a maximum
value of T ro, the glass transition of the fully cured resin. His argument,
however, is restricted to systems where vitrification, ie \tfhen the polymer
is below its T^, is considered to immobilize the reactive components. Since
the polyester specimens continue to cure below T some form of mobility is
8
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retained by at least one of the reactive components.
The curing of unsaturated polyester resins, such as Crystic 272, is
a copolymerisation of unsaturated polyester fumarate skeletal units and
monomeric styrene. Since there are several double bonds per polyester
molecule, the polymerisation proceeds with extensive cross-linking to
form a three-dimensional network structure of the general type shown in
Figure 5.3. Free-radicals are required to initiate the cross-linking
reaction and these are produced by the decomposition of organic peroxides
2+
(catalysts) promoted by the presence of Co ions (accelerator).
Demmler and Schlag (133) give,
ROOH + Co2+ RO * + 0H~ + Co3+ (5.1)
and
ROOH + Co3+ -> R00* + H+ + Co2+ (5.2)
The free radicals produced can either react with styrene to form the 
polystyryl radical
R* + H2C = CH + R - CH2 - CH* (5.3)
or with fumarate unsaturations to form the corresponding radical:
H C-'A^ H C-'v-
I / I /
R - + C =  C •» R —  C —  C (5.4)
/ 1 / 1 W * TT
-AA-C -AA-C
These can then initiate the copolymerisation which forms the cross-links 
between the polyester molecules. Gelation occurs very early during the 
cure suppressing the termination reactions, causing an acceleration in the 
rate of curing. If the resulting exotherm cannot be conducted away a 
significant increase in temperature can occur leading to a lack of control 
of the cure. In this study low concentrations of accelerator were used to 
keep the rate of initiation low so that thermal effects could be neglected,
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CH CH
- R
-R
CH— CH— C —  0n 
00
CH
CH
0 —  C CH — CH —
CH,
C —  CH — CH — C  0 -
0
CH
CH
C CH— CH — C
CH2
0-
Figure 5.3 : General structure of a cross-linked polyester. (Note n = 2 
and for Crystic 272,R is a copolymer of propylene glycol.)
140120806040 10020
T (°C)
Figure 5.4 : Loss tangent (tan 6) - Temperature traces obtained by DMTA 
for Crystic 272 polyester resin; not post-cured (A), 
post-cured at 130°C for 1.5 hours (•), and post-cured at 
130 C for 1.5 hours and then immersed in water for 16 days 
(X). (See Table 4.10.)
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At room temperature the cure is rarely complete but continues slowly by 
a process of monomer diffusion to occluded radicals. The importance of 
free radicals at this stage of the cure has been investigated by means of 
Electron Spin Resonance spectroscopy (ESR) (132,133). A broad three-linet
spectrum is observed in room temperature cured resin which Lehmus (132) 
interprets as the overlapping absorption signals of the fumarate and styryl 
free radicals. Post-curing at elevated temperature increases the intensity 
of the ESR spectrum which is attributed to thermal initiation of residual 
peroxide still present in the resin (133). On completion of the cure a 
stable one-line spectrum is observed.
Until recently it was believed that the cross-linking process involved 
a random distribution of cross-links throughout the resin to form an 
homogenous network structure. However it has been postulated from light 
scattering (116), gel-point determination (117), pulsed and broadline NMR 
spectroscopy (118) and chemical degradation studies (119) that free-radical 
cured polyesters have a microstructure consisting of microgel particles 
embedded in less densely cross-linked material. Indeed Funke et al (120) 
have been able to prepare and identify microgel particles from these 
and similar resins. Bergman and Demmler (118) concluded from NMR studies 
that a fully cured polyester resin contains nodules of highly cross-linked 
material, approximately 100 nm in diameter, separated by 5 nm interstices 
of lower cross-link density. Using DMTA these authors observed a broad 
assymetric damping peak in the loss tangent/temperature curve which they 
attributed to superposition of the damping processes of the two phases.
Based on the original proposal of Funke (119), Bergman and Demmler postulated 
that copolymerisation commences at sites remote from other initiation sites. 
As styrene is a poor solvent for the polymerised material a loose network 
of randomly coiled chains is formed which are directly analogous to the
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microgel particles of Funke et al (120). As copolymerisation continues
the randomly coiled chains grow and draw closer together squeezing out
non-copolymerised material causing a phase separation on the micro-scale.
Curing progresses with the nodules of highly cross-linked randomly-coiled
chains growing at the expense of interstitial material. Post-curing is
postulated to occur by one of two mechanisms. Either low molecular weight
material from the interstitial regions, eg styrene monomer, diffuses into
the highly cross-linked nodules where it copolymerises, or unreacted peroxide
may promote further cross-linking in the interstitial regions causing
copolymerisation onto the surface of the existing highly cross-linked nodules.
Bergman and Demmler were unable to differentiate between the two mechanisms
but both result in an enlargement of the highly cross-linked nodules.
Using this model for the microstructure, it is possible to explain
certain aspects of the effect of post-cure on am (T) of the polyester resin
(see Figure 5.2). In cold-cured resin the interstitial material is the
continuous phase and dominates the thermal expansion behaviour. It is
reasonable to assume that the interstitial material will have a significantly
larger thermal expansion coefficient and lower glass transition than the
highly cross-linked nodules resulting in large,temperature sensitive,values
of am (T). Post-curing causes a decrease in am (T) indicating growth of the
highly cross-linked regions and some increased cross-linking in the
interstitial material. Associated with this drop in a (T) is a smallm
increase in the resin density, Table 3.1, a greater than fifty percent
increase in Young’s modulus, Table 4.8, and a significant rise in T as
§
measured by three separate techniques, Table 5.2. These results strongly 
suggest that post-curing is not merely the removal of excess styrene monomer 
by distillation but is associated with the formation of some new cross-links. 
This is supported by the ESR measurements of Lehmus outlined earlier. The
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am (T)/T curve for fully post-cured Crystic 272, Figure 5.2 is unlike
that of post-cured Epikote 828 showing a gradual rise in am (T) over a
wide temperature range. This behaviour is expected from a resin with a
two-phase morphology consisting of highly cross-linked regions in a less
densely cross-linked matrix. Thus the observed broad increase in a (T)m
results from the superposition of the increasing expansion coefficient 
of each phase as it undergoes its glass transition.
Evidence for a two-phase morphology to this resin was found in the 
mechanical relaxation spectra obtained by DMTA. The tan 6/T relaxation 
curves of the cold-cured and fully post-cured polyester are reproduced from 
Table 4.10 in Figure 5.4. For the cold-cured material an extremely wide 
damping peak over the range 50-100°C is observed. This is a result of the 
curing reaction continuing during the test once the resin has been heated 
above its initial glass transition temperature. As continued curing 
results in an increasing value of T and the test temperature is 
continually increased the resin is always near its T^ and so exhibits a 
large degree of damping over a wide temperature range. Thus the whole curve 
can be interpreted as consisting of two peaks, at - 60°C and - 90°C, 
associated with the T of the cold-cured and more highly cured material
O
respectively. The fully post-cured (130°C) polyester resin exhibits a
maximum value of tan 6 at 110°C, indicating a value of T similar to that
§
determined by other methods, Table 5.2. However, this peak appears 
assymetric indicating that a secondary damping event is occurring at a lower 
temperature. This result is very similar to that of Bergman and Demmler 
who took this to support a two-phase morphology. It is of note that 
similar changes were found in the tan 6/T curves of the cold-cured and 
post-cured laminate specimens, Table 4.10.
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The effect of absorbed moisture on the behaviour of fully post-cured
Crystic 272 is most revealing. After two days immersion in distilled water
the resin specimens showed an increase in weight of 0.3 wt% which was
accompanied by a very sharp rise in the measured value of am (T) above 40°C,
Figure 5.5. The value of am (T) exhibits a maximum at 70°C and then
decreases slightly before again rising rapidly. (As reported in Section 4.1
this "peak" in the am (T)/T curve represents an inflection in the AL/T
thermogram and not a negative probe displacement.) At 100°C and above,
values of am (T) for the "wet" and dry resin are virtually identical. This
is to be expected since at these temperatures the resin is at or above its
major glass transition temperature and it is known that water has little
effect on resin properties in the rubbery region (102). After 5 hours at 
o
100 C the peak associated with absorbed water was absent, the am (T)/T curve 
appearing identical to that of the as-post-cured material. This change in 
behaviour was associated with an average weight loss of 0.35 wt%. The 
extent to which this small quantity of absorbed moisture changes the 
behaviour of the post-cured resin can be seen by comparing values of otm (T) 
for the wet resin with those of resin post-cured at 50°C, Table 4.1. Below 
50°C the values of <*m (T) for these two resins are almost identical suggesting 
a similar degree of cure.
Similar behaviour has been observed in epoxy resin specimens by 
Ishikawa et al (47) who found a moisture induced "peak" in the expansion 
curves which disappeared during isothermal heating at elevated temperatures 
prior to testing. However, as can be seen from Figure 5.6 the Epikote 828 
epoxy resin of this study showed no significant change in am (T) after 
immersion in distilled water for seven days despite a weight gain of 0.45 wt%. 
Thus it appears the expansion coefficient of the polyester resin is sensitive 
to small quantities of absorbed water whereas the epoxy is not.
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• Figure
Figure
150
-50 150100
»5 : Effect of immersion in distilled water on the values of 
am (T) for Crystic 272 polyester resin post-cured at 130°C 
for 1.5 hours; dry (•) , 0.3 wt% H20 (X). (See Table 4.1.)
50
100-50
T (°C)
.6 : Effect of immersion in distilled water on the values of 
am (T) for Epikote 828 epoxy resin post-cured at 150°C for
1.5 hours; dry (+), 0.45 wt% H20 (X). (See Table 4.2.)
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It is well known that water can act as a plasticizer for epoxy and
polyester resins with a reduction in the glass transition temperature or
softening point, as discussed in Section 2.3.2. This is confirmed by the
effect of water on the damping behaviour of fully post-cured polyester resin
shown in Figure 5.4. As can be seen, immersion in water for 16 days causes
a shift of the major damping peak to lower temperatures by 8-10 K with the
appearance of a pronounced secondary damping peak in the range 50-60°C. This
was associated with a weight gain of 1.1 wt%. As with a (T)/T curves them
effect of moisture was reversible on drying the resin above 100°C. Figure 5.7
shows the change in damping behaviour of the fully post-cured polyester with
decreasing moisture content. Curve 3 of this figure corresponds to the
same moisture content, 0.3 wt%, which was responsible for the "peak” in the
a (T)/T curves shown in Figure 5.5. There are two points of interest m
concerning the secondary damping peak. Firstly it occurs in the same 
temperature range as the peak observed in the am (T)/T curve suggesting that 
the same mechanism may be responsible. Indeed this is the same temperature 
range as the damping peak for the cold-cured polyester resin, Figure 5.4. 
Secondly this peak appears more sensitive to moisture content than the major 
peak. This may be attributed to preferential water uptake by one phase 
and/or its more efficient plasticization by water. Moy and Karasz (96) 
have recently postulated that the sorption and transport of water in glassy 
polymers is controlled predominantly by morphological features. They 
suggest that in heterogenous systems, with regions of higher density dispersed 
in a matrix of lower density, steric conditions imposed by the highly 
cross-linked regions may reduce the rate and extent of water sorption.
Adamson (63) has interpreted the low rate at which some resins reach their 
equilibrium moisture content as a reflection of the difficulty with which
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5.7 : A series of loss tangent ( tan 6) - Temperature traces
obtained by DMTA for post-cured Crystic 272 polyester resin 
with differing levels of absorbed water:
1) 1.10 wt% H20, 2) 0.83 wt% H2O, 3) 0.30 wt% H20, 4) Dry.
150
.8 : Change in thermal expansion coefficients with temperature, T, 
of a glass-fibre reinforced Crystic 272 laminate (Vf - 0.34) 
post-cured at 50°C for 15 hours: at^(T) (y) 9 a^QT) (1),
and a^(T) (•). (See Table 4.3.)
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water enters highly cross-linked microgel particles within the resin.
These observations suggest that specimens having different degrees of 
cure, and hence varying proportions of high and low densely cross-linked 
material, will exhibit different rates of moisture absorption. However,
Table 4.3 shows that cold-cured and fully post-cured polyester resin 
specimens show similar increases in weight after 10 days immersion in water. 
This result tends to negate the possibility of preferential water uptake 
by the less densely cross-linked phase. (A more detailed study is needed 
to confirm this result since any differences are expected to be small.)
This implies that water can plasticize the interstitial material more 
efficiently than the highly cross-linked nodules. This is not unreasonable 
since a major requirement for plasticization is that the resin and water 
have similar cohesive energy densities. The most polar sites with affinity 
for water are the polyester end-groups and these are more likely to be
excluded from the densely cross-linked areas.
Thus the thermal expansion and damping behaviour of the polyester
resin and its sensitivity to absorbed moisture is consistent with a two-phase
resin microstructure. When dry the two phases in the post-cured material
have sufficiently similar values of T^ that a single broad rise in a^CT)
and tan 6 is observed. In the presence of small quantities of absorbed
moisture significant plasticization of the less densely cross-linked
material occurs and its T is decreased more than that of the highly cross-
S
linked nodules so that two glass transitions are distinguishable in the
damping curve. This leads to an increase in the low temperature expansion
of the resin as the less densely cross-linked material goes through its 
glass transition producing the observed "peak" in the a (T)/T curve.
This sensitivity of polyester resin to absorbed moisture can be compared 
with the results of Cohn and Marom (102) and Diamond et al (121). They found
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that in certain polyester and epoxy resin systems when the curing conditions 
favoured a two-phase morphology a significant decrease in the rate and 
extent of moisture uptake was observed. However, etching experiments 
revealed a microstructure of highly cross-linked shells encapsulating 
material with a lower cross-link density. These authors postulated that 
the highly cross-linked shells slowed down or prevented moisture penetration 
into the encapsulated material. This microstructure is the opposite to that 
believed to be present in the polyester resin examined here.
5.1.2 Laminates
The transverse expansion coefficients at^(T) and at2^^ t*ie cold-cured 
and 50°C post-cured polyester laminates were unexpectedly found to differ 
as shown in Figure 5.8. Water absorption has a profound effect on these 
transverse expansion coefficients causing to decrease and to
increase (Table 4.1). In contrast the polyester laminates post-cured at 
130°C exhibited no measurable difference in the transverse expansion coefficients 
measured in the tl and t2 directions. Small quantities of absorbed water 
caused at(T) to increase in a manner consistent with the resin behaviour 
discussed in Section 5.1.1.
Several hypotheses were advanced to explain this somewhat unusual 
behaviour by the cold-cured and 50°C post-cured laminates. Originally it 
was considered that the large values of a^OT) resulted from a resin rich 
layer on the laminate surface. However a comparison of the values of 
ati(T) and am (T) in Table 5.3, shows that the laminate expansion coefficient 
in the tl direction exceeds that of the pure resin. This does not completely 
preclude the possibility that a resin rich surface layer may account for 
the measured values of at^(T). It is possible that the expansion of a resin 
layer would be reduced in the plane of contact with the laminate due to 
constraint imposed by underlying fibres. This could result in an increase
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Temp
°C
a (T) m 7
xl06if1
°tl(T>
xloV"1
at2 (T)
xloV"1
ao (T>
1Calculated
xlO6^ 1
<V(T)
2Calculated
x l o V -1
0 58 59 50 9 52
10 59 65 54 9 54
20 ' 65 72 58 10 59
30 75 84 68 10 68
40 84 99 84 11 76
50 100 120 107 12 91
TABLE 5.3 : Thermal expansion of Crystic 272 resin, °^ m (T),
and laminates, at^(T) and cx^CT) after post-curing 
for 15 hours at 50°C.
1. Equation 5.5 ) using E = 3.25 GPa, Ef = 72 GPa,
c* m r _ I
2. Equation 5.6 ; v - 0.43, = 0.22, = 0'.34 and = 5 x 10 K
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in the resin expansion in the tl direction, in which it is free to expand, 
to conserve its volume expansivity. Calculations shown in Appendix B suggest 
that even allowing for this effect the resin layer would need to exceed 
20% of the total laminate thickness in the tl direction to explain the 
measured values of which is not consistent with microscopic
observations.
Table 5.3 also shows that the measured values of a^CT) are in good 
agreement with those predicted by the equation of Schapery, Equation 5.6, 
from the values of o&m (T) recorded for the pure resin. As the temperature 
approaches the resin softening point, 50°C, the calculated value of (T) begins 
to underestimate the measured value of cx^CT). This effect is also observed 
for the fully post-cured polyester-and epoxy laminates, as shown in 
Figures 5.9 and 5.10 respectively, and is discussed later.
The Schapery equation, 5.6, predicts that at will exceed at low
fibre volume fractions, Figure 5.11. This results from the fact that at
all but very low fibre fractions the matrix is practically in a state of
plane-strain in which case a. - + (1 + v ) V a _(42) . Howeverr t f f m m m ’
this effect is not considered responsible for the observed values of 
because the fibre volume fraction determined from the laminate thickness 
in the tl direction is in good agreement with values obtained by the two 
other techniques utilized, see Section 3.2.4. Indeed microscopic 
examination of polished transverse sections of these laminates failed to 
reveal the presence of either a significant resin surface layer or a 
non-uniform fibre distribution.
Fahmy and Ragai-Ellozy (82) have shown that the thermal expansion 
of cross-ply laminates measured through the laminate thickness, ie in the tl 
direction, is not equal to the through-thickness transverse expansion, 
atl* t*ie individual plies. This results from the Poisson effect
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Figure 5.9 : Comparison of the experimental values of at(T), (0) and
a£(T), (+) for a glass-fibre reinforced Crystic 272 laminate 
( V f  = 0.34) post-cured at 130°C, with calculated values 
(continuous lines) from equations 5.5 and 5.6 using the known 
variation of ^ ( T ) , Table 4.1. Dotted line represents a£ (T) 
calculated from equation 5.5 allowing for the known variation 
of resin modulus, see Table 5.5.
60
150100
T (°C)
Figure 5.10 : Comparison of the experimental values of a^.(T), (0) and
a£(T), (+) for a glass-fibre reinforced Epikote 828 laminate 
( V f  = 0.55) post-cured at 150°C, with calculated values 
(continuous lines) from equations 5.5 and 5.6 using the known 
variation of am (T), see Table 4.2.
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Figure 5.11 : Theoretical variation of at, and (at - a^) with
glass-fibre volume fraction, Vf, calculated from the
Schapery equations using am = 60 x 10”^ K*"*-, otf = 5 x 10”6 K“ ,^
Em = 4 GPa, Ef = 72 GPa, vm = 0.4 and Vf = 0.22.
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associated with the in-plane strains in a cross-ply laminate, producing 
larger values of through-thickness thermal expansion. The magnitude of 
this increase depends on the lamination angle, 0, these authors giving 
an equation allowing the through-thickness expansion coefficient of 
balanced (± 0) angle-ply laminates to be predicted. (This has been 
presented in a corrected form by Pagano (83) who pointed out an error in 
one of the initial assumptions made by Fahmy and Ragai-Ellozy.) It is 
possible that the frame-winding technique described in Section 3.1.3, may 
lead to fibre misalignment so that each laminate could effectively be 
a (± 0 ) angle-ply rather than an ideal unidirectional. Thus the larger 
values of ot^ may result from the Poisson effect outlined above. However, 
inspection of Figure 1 in reference (82) reveals that 0 would have to 
exceed 15° to explain the measured values of at^(T), (based on the 
corrected equation of Pagano an angle of 20° would be required). As the 
measured angle obtained from the winding machine is less than 0.5° the 
possibility that this effect could account for the measured values of 
ot^ is negated.
It has been shown in Section 5.1.1 that the polyester resin used for 
these laminates continues to cure below its softening temperature. If the 
resin is sufficiently well-bonded to the fibres then internal strains may 
develop if the resin shrinkage, accompanying the continued cross-linking, 
cannot be accommodated by molecular rearrangement. Since the polyester 
laminates, from which the TMA specimens are cut, were cured under an 
applied load it is possible that this introduces an anisotropic strain 
state into the gelled laminate. Thus would include an additional 
component due to the relaxation of this inbuilt strain. The fact that 
no difference between and a ^  is observed for fully post-cured polyester 
laminates indicates that any internal strains present in the cold-cured
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I' laminates may relax at sufficiently high temperatures. After immersion 
in water increases in a manner similar to of the fully post-cured 
laminate (see Figure 5.12). On the other hand is reduced after 
immersion in water, which is consistent with plasticization of the resin 
and relief of any internal strains.
It is interesting to compare this effect with the observation of 
Crossman et al (65) who found that the moisture induced transverse 
swelling of unidirectional carbon fibre/epoxy laminates was larger 
through-the-thickness than in the plane of lamination. These authors 
admit to knowing of no mechanism to explain this behaviour. Of the 
literature reviewed in Chapter 2, no other reference to this phenomenon 
was found. This could imply that in most laminates there is no difference 
between transverse properties in the tl and t2 directions. Alternatively 
since most workers rarely measure laminate properties in both transverse 
directions any differences may have gone unnoticed. It is suggested that 
the anisotropy between the transverse properties of unidirectional laminates 
is an area for further investigation.
The expansion behaviour of fully post-cured polyester and epoxy 
laminates is simpler than that of partially post-cured polyester laminates 
as there was no measurable difference between and cx^- A comparison 
of at(T)/T and a^(T)/T curves, for polyester and epoxy laminates in 
Figures 5.9 and 5.10, shows that the thermal expansion coefficients of the 
epoxy laminates are lower and less temperature sensitive than those of 
the polyester based laminate . In part this is a reflection of the 
higher fibre volume fraction of the epoxy laminates, = 0.55, in comparison 
with the polyester laminates, = 0.34. Figure 5.11 shows that laminates 
of these fibre fractions made with the same matrix resin would have 
significantly different values of but similar values of a^. However
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even laminates made from these two resins with equivalent fibre volume 
fractions would be expected to show different thermal expansion behaviour 
due to the different expansion coefficients of the base resins, Figures 5.1
Also included in Figures 5.9 and 5.10 are values of at(T) calculated 
from the equations of Schapery. It should be noted that the original 
Schapery equations, equations 2.18 and 2.19, were derived for a matrix 
of fixed expansion coefficient, am> However in order to allow for the 
known temperature dependence of am these equations have been rewritten 
by replacing am with “m (T), thus
where, and a^CT) are the longitudinal and transverse expansion
coefficients at temperature T.
A similar approach has been used previously by several authors (45,47) 
who successfully predicted the thermal expansion of laminates at temperatures
sensitive matrix expansion, the possibility of extending it to include 
temperature dependent matrix modulus is discussed below. It should be 
noted that the expansion coefficient of the fibres, a^, is assumed to 
be temperature independent over the temperature range considered, an 
assumption supported by the results of Otto (137).
As indicated in Section 2.2.1 the Schapery equations can be considered 
special cases of the Van Fo Fy equations. Thus equation 5.5 is only exact
and 5.2.
(5.5)
and
(5.6)
approaching the T of the resin. This elastic analysis allows for temperature
O
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when v = v£, so that the fibres and matrix do not interact under axial m r
loading. Under these conditions the longitudinal modulus, E , is givenX/
exactly by the law-of-mixtures, = Em + Ef V f  For equation 5.6
to be exact requires the laminate to be transversely isotropic so that 
the Poissons ratio under axial loading can be approximated by the law-of-
mixtures, V«- = V V + V*;.21 m m  f f
In Table 5.4 the experimentally determined values of E^, Et and 
for fully post-cured polyester and epoxy laminates (from Table 4.9) are 
compared with calculated values determined from the measured matrix 
properties given in Table 4.8. It can be seen that there is good agreement 
between the experimental and calculated values of E^ and based on the 
law-of-mixtures, supporting the use of equations 5.5 and 5.6. This Table 
also shows that values of E^ calculated from the equation of Halpin and 
Tsai (127), equation 3.13, are also in good agreement with experimentally 
determined values.
As shown in Figure 5.10, the values of a (T) and a (T) for the 
post-cured epoxy laminate, calculated from the measured am (T) of the resin, 
are in good agreement with the experimentally determined values. The 
results of similar calculations for the fully post-cured polyester laminates 
in Figure 5.9, are in fair agreement with measured values at low 
temperatures but begin to underestimate the measured values as the 
temperature approaches the resin softening point. This is because equations 
5.5 and 5.6 were derived for the case of elastic fibres in an elastic 
matrix. However as the temperature approaches the effective glass transition 
temperature of the resin the matrix exhibits viscoelastic behaviour and 
these elastic equations will cease to apply. Schapery recognised that 
this would occur and used a quasi-elastic method to extend his original 
solution to include viscoelastic effects, equation 2.29. In effect this
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E£ (GPa) Et (GPa) i—
i 
CM
Resin
Experi­
mental
Calcu­
lated
Experi­
mental
Calcu­
lated"1
Experi­
mental
Calcu­
lated
Crystic
272
(Vf=0.42)
33.1 32.5 9.5 10.2 0.33 0.32
Epikote
828
(Vf=0.55)
4 2.0 41.3 13.5 13.6 0.28 0.29
TABLE 5.4 : Experimental and calculated values of E^, Et and v^^
for fully post-cured unidirectional glass fibre laminates
based on measured matrix resin properties (Table 4.8)
and assuming E^ = 72 GPa, = 5 x 10  ^K \  = 0.22 (123)
1) E 0 = E V + E* V*I m m  f f
2) Et = Em^ (1 + 48 V  / (1 ” B Vf^
where B = -[{(Ef/Em) - l}/ { (Ef/Em) + A}}
and A = 2
35 V21 ' %  Vm + vf Vf
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Figure 5.12 : The effect of immersion in distilled water on the thermal
expansion coefficients of a glass-fibre reinforced Crystic 272 
laminate, ( V f  = 0.34), post-cured at 130°C; at(T) - dry (•), 
0.15 wt% H20 (X), 0.62 wt% H20 (1); a£(T) - dry (+),
0.62 wt% H20 (■). (See Table 4.5.)
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analysis allows the matrix modulus, Em , to vary as a function of 
time and temperature. Thus if E^ in equations 5.5 and 5.6 were replaced 
with Em (T), the modulus at temperature T, then calculated values of a^(T) 
and ott(T) would be expected to be in better agreement with the 
experimental results. The effect that this has on the calculated values 
of and afc(T) is shown in Table 5.5. As can be seen the variation
of Em (T) has virtually no effect on <*t(T) hut has a profound effect on 
a^(T) causing it to decrease at higher temperatures. This is shown in 
Figure 5.9 as a dotted line and is in agreement with the observed behaviour 
of the laminate. The decrease in ot^ (T) at high temperature results from.the 
resin modulus becoming insignificant relative to that of the fibre so that 
a^(T) reduces to a^, as would be expected from equations 5.5 and 2.29.
It is of note that calculated values of at(T) for the epoxy laminates 
only deviate from the experimental results at temperatures close to the 
glass transition temperature of the resin. For the polyester laminate, the 
calculated values of cxt(T) deviate from the experimental values some 30 K 
below the main glass transition temperature. This can be explained by the 
two-phase microstructure of the polyester resin, discussed in Section 5.1.1 
which results in a broad range of temperature over which the resin goes 
through its glass transition.
Figure 5.12 shows the effect of absorbed moisture on the longitudinal 
and transverse expansion coefficients of a polyester laminate post-cured 
at 130°C. The general trend to larger values of at(T) with increasing 
immersion time is clear and was associated with an average water uptake 
of 0.15 wt % after 2 days and 0.6 wt % after 28 days. Based on a fibre 
volume fraction of 0.34 this is equivalent to an average water content of 
0.23 and 0.9 wt % after 2 and 28 days respectively. (These values assume 
that all the weight gain is associated with the resin and not held in voids
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within the laminate.) For comparison, the pure resin specimens absorbed 
0.3 and 1 wt % moisture after 2 and 28 days immersion in water respectively.
The effect of moisture on at(T) is most interesting since it suggests 
a significant plasticization of the polyester resin even at water 
concentrations as low as 0.23 wt %. This is very similar to the behaviour 
of the pure resin, discussed in Section 5.1.1, in which only 0.3 wt % 
moisture causes a significant increase in ^(T). Since the values of 
am(T) are known for polyester resin containing a known moisture content 
it is possible to calculate at(T) for a laminate with matrix resin containing 
the same moisture content using equation 5.6. This ignores any effect 
that absorbed moisture may have on the modulus of the resin but the results 
in Table 5.5 suggest even large changes in Em do not significantly affect 
at(T). The results of this calculation are compared with the measured 
at(T) of laminates containing calculated moisture contents of 0.23 wt % and 
0.9 wt % in Figure 5.13. As can be seen, below 70°C the calculated at(T) 
values lie between the measured values in a manner consistent with the 
resin moisture content. This supports the interpretation that the increase 
in at(T) is consistent with the change in resin properties on water 
absorption. The "peak” in the calculated at(T)/T curve is not observed 
experimentally and results directly from the shape of the am (T)/T curve 
for the wet polyester resin shown in Figure 5.5. However, it should be 
remembered that equation 5.6 which was used to calculate ott(T) breaks down 
as the resin approaches its T^. As a result, even for the dry polyester 
resin, calculated values of c*t(T) significantly underestimate the measured 
values above 70°C. Thus calculated values of <*t(T) based on the 
expansion coefficient of the wet resin are unlikely to be meaningful above 
that temperature.
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Figure 5.13 : Comparison of at(T) for a glass-fibre reinforced Crystic 272 
laminate ( V f  = 0.34) post-cured at 130°C containing 
0.15 wt% H2O (X) and 0.62 wt% H2O (A) with values calculated 
from equation 5.6 using values of am (T) for Crystic 272 
resin containing 0.3 wt% H2O (■), Table 4.1.
150
-20-4  0
T
Figure 5.14 : Comparison of a^CT) for a glass-fibre reinforced Crystic 272 
laminate ( V f  = 0.34) post-cured at 50°C for 15 hours (•) 
and 130°C for 1.5 hours with 0.62 wt% absorbed water (A).
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The extent to which small quantities of absorbed moisture can 
affect the resin properties and hence those of the laminate is illustrated 
by Figure 5.14 in which the t2 transverse expansion coefficients of 
polyester laminates post-cured at 50°C for 15 hours and those of the 
fully post-cured laminate immersed in water for 28 days are compared.
As can be seen their expansion behaviour is closely matched suggesting 
that the resin in each laminate is in a similar condition. In Section 5.1.1 
it was concluded from the thermal expansion and damping behaviour that 
the polyester resin has a two-phase microstructure in which the ratio of 
highly cross-linked areas to less cross-linked material increases on 
post-curing. Absorbed water is considered to plasticize the less densely 
cross-linked regions more efficiently. Since this material represents the 
continuous phase, only small quantities of Water will be needed to induce 
significant changes in the properties of the resin and its laminates.
The effect of moisture absorption on the measured values of i-s
much less than on at(T) because a^(T) is controlled by the moisture and
c©e,fr’$*c.‘en't
temperature insensitive expansion/of the glass fibres whereas at(T) is 
governed predominantly by the expansion of the resin matrix. Two days 
immersion in distilled water produced no discernible change in a^(T), 
while 28 days immersion is accompanied by a reduction in the temperature 
at which a (T) shows signs of decreasing. As discussed earlier this
X*
decrease in a (T) occurs as the resin modulus becomes insignificant in
comparison to that of the fibres and coincides with the resin exceeding
its softening temperature. This decrease in the temperature at which
a^(T) approaches is consistent with the damping behaviour of the pure
resin and shows that the T of the more highly cross-linked regions is
©
only reduced significantly after relatively long periods of water 
immersion. These results support the conclusion that is controlled
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by the moisture sensitive less cross-linked phase while Em is dominated 
by the more highly cross-linked nodules.
Extended isothermal heating of the "wet" polyester laminates was 
found to remove the absorbed moisture, the values of at(T) and ^(T) 
returning to those obtained for the as-post-cured laminate. Re-immersion 
of specimens previously immersed for 2 days and then dried at 100°C 
produced similar increases in the measured values of at(T) and laminate 
weight. However laminates immersed for 28 days, dried at 100°C and then 
reimmersed, showed significantly increased water uptakes. This phenomenon 
has been observed before by other workers, eg (64,105), and has been 
attributed to the formation of cracks and debonds within the laminate which 
result from the stress associated with differential moisture swelling and 
contraction. As a result of this behaviour these specimens were not 
retested.
Finally, it is shown in Table 4.6 that the epoxy resin based 
laminates post-cured at 150°C and immersed in water for 7 days showed 
no significant increase in at(T) although a weight gain of 0.29 wt % was 
recorded. This agrees with results for resin samples which were also 
immersed in water for 7 days and did not exhibit a change in am (T), 
despite a weight gain of 0.45 wt %. It is well documented that epoxy 
resins are plasticized by absorbed water, Section 2.3, leading to the 
conclusion that the small quantity of water absorbed after 7 days was 
insufficient to produce a discernable change in behaviour of either the 
epoxy resin or laminate specimens tested here.
5.2 Thermal Strains
The levels of thermal strain which develop in the longitudinal 
direction of the transverse ply of balanced (0°/90°/0o) polyester laminates 
after post-curing are shown in Figure 5.15. These results, for two fibre
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Figure 5.15 : Change in thermal strain, with temperature of post-cure,
TpC, in Crystic 272 cross-ply laminates at glass-fibre 
volume fractions of 0.33 (•) and 0.52 (■).
0-20 0-4 0-6 0-8 10
Figure 5.16 : Theoretical variation of the ratio (E^ /Ef-) with glass-fibre 
volume fraction, Vf, as determined from equations 3.12 and 
3.13 assuming Em = 3.8 GPa, Ef = 72 GPa and A = 2.
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volume fractions, were obtained by measuring the radius of curvature of 
an equivalent (0°/90°) unbalanced beam at 20°C after slow cooling from 
the post-cure temperature. At higher post-cure temperatures larger thermal 
strains are developed at room temperature. This is to be expected from 
a consideration of equation 3.5, reproduced below, which shows that the 
level of thermal strain is linearly related to the value of (T^ - T2).
eth . B, b (,t - .t) (11 - T2) ^  ^
E£ b + E t d
Figure 5.15 also shows that laminates containing higher fibre volume 
fractions develop less thermal strain on cooling to room temperature than 
laminates with lower fibre volume fractions cooled from the same temperature.
This is because at a fixed post-cure temperature (T^ - T2) is fixed whereas
(at - a^) decreases with increasing fibre volume fraction, Figure 5.11, leading 
to a reduction in the level of thermal strain. (In actual fact (a - a ) 
exhibits a maximum in the range Vf = 0.1 to 0.2, depending on the fibre
and matrix properties, but this is well below the fibre fraction of the
laminates studied here.) Any such decrease in (at - a^) will be 
accompanied by a decrease in the ratio (E /E ) which from consideration of
X U
thequation 5.7 will increase the value of However, Figure 5.16 shows
that the calculated decrease in (E^/Et) for these laminates is small
threlative to the decrease in (at - a^) so that £ would be expected to
decrease in the manner observed in Figure 5.15.
Figure 4.4 shows the deflection behaviour of unbalanced polyester 
laminates slowly cooled from the post-cure temperature indicating that 
the effective glass transition temperature increases with post-curing
up to a maximum value. (The "effective*1 laminate T is defined here as
§
the stress free temperature and corresponds to T^, the temperature at 
which an unbalanced laminate beam ceases to be flat.) This is consistent
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with the thermomechanical behaviour of the polyester resin and laminates 
outlined in Section 5.1, which also indicate that the softening temperature 
of the resin increases on post-curing, reaching a maximum value between 
100°G and 110°C. As a result slow cooling from 130°C only increases the 
actual value of (T^ - T2) by some 20°C over cooling from 80°C. Thus 
the shape of the curves in Figure 5.15 can be rationalized since post-curing 
above 100-110°C does not increase the value of at room temperature.
L Xj
One point of interest concerning the deflection behaviour of the 
fully post-cured polyester laminates is the cooling rate dependence of 
shown in Figure 4.4. This is consistent with the idea that above the 
maximum effective T of the laminate, the polyester resin matrix behaves 
as a visco-elastic material. Thus fast cooling allows less time for molecular 
rearrangement so that a non-equilibrium molecular structure is frozen into 
the resin. Slow cooling allows a situation closer to equilibrium to be 
attained resulting in a lower transition temperature. As a result slow 
cooling of these laminates from above the maximum glass transition results 
in a lower stress free temperature and approximately 10% less thermal strain 
at room temperature. This observation accounts for the limited discrepancy 
between the reported thermal strains in polyester laminates post-cured 
at 130°C (1, 131).
Unbalanced epoxy resin based laminates post-cured at 150°C did not
exhibit a measurable change in T^ with cooling rate implying that the
epoxy resin is either at or below its maximum glass transition temperature.
This is supported by the work of Rock (2) who found that post-curing this
epoxy resin formulation at 200°C causes T to increase well above 150°C.
g
Alternatively the lack of a cooling rate effect may result from the 
apparently more homogenous microstructure of the epoxy resin when compared 
to that of the polyester. Support for this view comes from the temperature
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insensitivity of the thermal expansion coefficient below T of the epoxy 
resin and laminates as shown in Figures 5.1 and 5.10.
The temperature dependence of the displacement for unbalanced polyester 
laminates post-cured at 50°C for 15 hours but made with thicker plies 
are shown in Figure 4.5. As would be expected from equation 3.10 these 
laminates exhibit a smaller deflection than laminates with thinner plies. 
Unfortunately these thicker laminates also had a larger fibre volume fraction 
than those in Table 4.11 making a direct comparison difficult. One 
interesting aspect of the behaviour of these thicker laminates is that 
specimens which were allowed to bend freely on cooling (designated Type I) 
exhibit larger deflections than equivalent specimens held flat during 
cooling and then released and allowed to bend at room temperature (Type II), 
see Table 4.12 and Figure 4.5. Initially this was attributed to a process 
of viscoelastic stress relaxation in the matrix reducing the level of 
thermal strain in the laminated beam. Such a process would mean that the 
level of strain in a balanced laminate predicted from the displacement of 
unbalanced beams cooled without constraint (Type I) would be in error.
However on monitoring the free displacement of Type I and II laminate beams 
with time at room temperature two distinct behaviours were observed 
(Table 4.13). The Type I beams showed a steady decrease in 6 with time 
which is considered to be caused by water absorption and is discussed later. 
In complete contrast the Type II laminates exhibited an increase in 6, 
the values of 6 for both Type I and II beams converging with time. This 
recovery of the displacement of Type II specimens is important and implies 
that for beams constrained during cooling the residual strain that was 
originally thought to have relaxed is actually converted into a reversible 
stress which reappears as a strain or displacement under suitable conditions. 
In order to investigate this effect further post-cured Type I and II beams
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were stored flat for a period of 24 hours at room temperature prior to
recording the variation of the free displacement, 6, with time. The
results of this experiment are included in Table 4.13 and show that
for both Type I and II beams 6 increases with time in a similar manner
to the as-post-cured Type II laminates. Indeed after a period of eleven
days the values of 6 for these specimens are almost equal to laminates
which had not been stored flat for 24 hours. These results confirm that
specimens held flat do not exhibit stress relaxation but rather the
displacement removed on storing the specimens can be recovered. Although
the mechanism by which this recovery occurs is not fully understood, the
fact that the thermal stresses do not relax with time is in accordance
with the findings of Daniel who observed only limited relaxation of the
thermal strains below the glass transition temperature in carbon fibre
reinforced epoxy laminates (18, 19). This suggests that the values of
thermal strain calculated from laminate beams allowed to bend freely on
cooling (Type I) accurately reflect the total thermal strain in an
equivalent balanced laminate.
As outlined in Section 3.3 the experimental 6/T plots can be converted 
til
into graphs of e as a function of temperature using equations 3.5, 3.9
L. &
and 3.14. The results for the fully post-cured epoxy and polyester laminates
are shown as solid lines in Figures 5.17 and 5.18 respectively. Also
tilincluded in these figures are calculated values of e , shown as open 
circles, obtained from equation 5.7 using known values of a (T), a (T)
X
and T^. The laminate expansion coefficients were taken from Tables 4.5
and 4.6 while the values of T^ were obtained from Figure 4.4. In order
to allow for the known temperature dependence of the thermal expansion
tilcoefficients of the laminates the value of e was calculated for 10 K 
increments, using the modified form of equation 5.7 shown below,
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Figure 5.18 : Variation of thermal strain, with temperature for
Crystic 272 cross-ply laminates post-cured at 150°C: 
Experimental values obtained from (0°/90°) beams 
(continuous line), predicted values from equation 5.8 
using known dry laminate properties (0) and from properties 
of a laminate containing 0.15 wt% H2O (•) .
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Ae!* (T) = Et b l>t(I> - < V T>3 AT (5.8)
Et d
til
where e (T) is the strain increment developed on cooling from (T + 5) 
to (T - 5), ie AT = 10 K. Summation of the incremental strains from 
allows the total thermal strain at any temperature to be obtained.
For the epoxy based laminates post-cured at 150°C there is good 
agreement between the computed and experimental values of Figure 5.17.
W  Xs
This result suggests that the level of thermal strain can be successfully 
predicted from the known temperature dependent expansion coefficients and 
moduli of the individual plies.
The above result for the epoxy based laminates enables the behaviour 
of the polyester resin based laminates to be interpreted with more 
confidence since computed and experimental values of are not in such 
good agreement. As can be seen in Figure 5.18 the experimental values 
of e:^ are larger than would be expected from the measured thermal expansion 
coefficients of the polyester resin. This originally led to the hypothesis 
that the cure of the resin was inhibited by the glass fibres. Two 
mechanisms by which this might occur were considered, i) preferential 
absorption of the accelerator onto the surface of the fibres effectively 
reducing the number of free radicals produced by reactions 5.1 and 5.2, 
and, ii) oxygen inhibition of the free radicals whereby the reaction 
R* + (>2 R00* occurs in preference to reactions 5.3 and 5.4. Both of
these mechanisms would reduce the level of free-radicals such that curing 
and post-curing reactions could be inhibited. However examination of 
Figure 5.19 shows that a^CT) of polyester laminates decreases with 
increasing post-cure temperature in a manner consistent with the behaviour
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Figure 5.19 : Change in the transverse thermal expansion coefficient, 
a^CT), with temperature for a glass-fibre reinforced 
Crystic 272 polyester laminate given different post-cure 
schedules: not post-cured (A), 15 hours at 50 C (+),
and 1.5 hours at 130°C (•).
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Figure 5.20 : Effect of absorbed water on the change in thermal strain 
in cross-ply laminates with temperature.
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of the pure resin shown in Figure 5.2. In addition the observed transverse 
expansion coefficients of the post-cured laminates are in agreement with 
values calculated from the expansion coefficient of resin subjected to 
the same post-cure schedule, Table 5.3 and Figure 5.9. Furthermore the 
change in damping behaviour on post-curing longitudinal and transverse 
polyester laminate specimens, Table 4.10, were in accordance with the 
changes observed during post-curing of the resin specimens, Figure 5.4.
These results coupled with the observed increase in T^ on post-curing,
Figure 4.4, demonstrate that the cure and post-cure of the polyester resin 
is not affected by the glass fibres. As a result an alternative 
explanation was sought to account for the high thermal strains measured 
in the polyester laminates.
As shown in Figure 5.5 small quantities of absorbed water, - 0.3 wt %,
were found to increase the expansion coefficient of the polyester resin.
This causes a significant increase in the transverse expansion of the
polyester laminates with little or no effect on the longitudinal expansion
coefficient, Figure 5.12. As a result the (at - a^) term in equation 5.7
increases with only a small reduction in T^ as shown in Figure 5.7. Based
on values of at(T) and a£(T) obtained for a laminate immersed in water
t i l
for two days, a second set of e values were calculated using equation 5.8. 
These are shown in Figure 5.18 as filled circles and exhibit much better 
agreement with the values determined experimentally. Since the increase 
in (at - a^) was associated with only 0.15 wt % absorbed moisture it 
suggests that the high thermal strains in these laminates result from small 
quantities of water retained in the resin after post-curing. The exact 
nature of the water in the composite is as yet unknown but since it is not 
removed during post-curing at 130°C for 1.5 hours it must be strongly bound 
to the resin. (This water retention in part results from the relatively
151
large size of the unbalanced beams since the smaller specimens used to
measure thermal expansion coefficients showed no retained moisture after
post-curing at 130°C for 1.5 hours.)
The epoxy resin and laminates used in this study were also found to
absorb water at a similar rate to polyester specimens but this had little
effect on the measured thermal expansion even after 7 days. This is
believed to result from the more homogeneous microstructure of the epoxy
resin when compared to that of the polyester. This insensitivity of the
epoxy resin to small quantities of absorbed moisture helps explain the
t i lgood agreement between the experimental and calculated values of e .
L Xs
However it must be remembered that the cure schedule of 3 hours at 100°C
followed by post-curing for 3 hours at 150°C for the epoxy specimens is
more severe than the polyester post-cure of 1.5 hours at 130°C. Thus
polyester and epoxy laminates containing the same amount of moisture would
be expected to lose different quantities of water during post-curing, the
epoxy resin retaining the least.
Since residual water appears to be responsible for the large thermal
strains which developed in polyester laminates there is likely to be two
competing processes taking place. Firstly an increase in the expansion
coefficient of the resin to give a larger value of (at - a^) and secondly
a concomitant reduction in the effective glass transition producing a
decrease in (T^ - T2). The combined effect of these two factors on the
thermal strain which develops on cooling from some temperature T is shown
schematically in Figure 5.20. At sufficiently low temperatures, eg T^,
any reduction in T^ is small compared to the temperature difference
(T. - Ta) s o  that the increase in (a. - a j  associated with absorbed water 1 A t Z
produces an increase in the measured thermal strain. At temperatures close 
to T^ of the dry laminate, eg T^, the decrease in T^ may be sufficient
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to cause a decrease in the thermal strain with increasing moisture content.
At some temperature, Tc, the two effects will be balanced and the measured 
thermal strain will appear to be independent of moisture content. Figure 5.20 
demonstrates that the effect of absorbed moisture will depend on the 
temperature of measurement and the relative changes in (at - a^) and (T^ - T2).
The experimental validity of the above has been tested by measuring 
the 6/T curves of unbalanced (0°/90°) polyester laminates which had been 
immersed in water for five days prior to post-curing at 130°C for 1.5 hours. 
Figure 5.21 (curve 1) shows the resulting average displacement/temperature 
curve obtained on slow cooling four specimens from the post-cure 
temperature. These specimens were then held at 100°C for 5 hours and the 
6/T curves were remeasured, (curve 2). A weight loss of 0.3 wt % was 
observed after this isothermal treatment in addition to the weight loss 
of over 1% observed on initially post-curing at 130°C. The isothermal 
treatment at 100°C is observed to produce a decrease in the maximum 
displacement, and hence thermal strain, at room temperature. This is 
consistent with the behaviour outlined in Figure 5.20. In addition a small 
but discernible shift in T^ to higher temperatures was observed, Table 4.12. 
Thus this result appears to confirm that residual moisture in the laminate 
after post-curing can lead to larger thermal strains on cooling from a 
fixed temperature.
In Section 5.1.1 evidence is presented to support the hypothesis 
that the polyester resin used in this study has a microstructure which 
consists of densely cross-linked particles in a less densely cross-linked 
matrix. The sensitivity to small quantities of absorbed water is believed 
to result from a more efficient plasticization of the less densely cross-linked 
regions. The effect that such a microstructure will have on the retention 
of water is as yet unknown.
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Figure 5.21
I     -i- - - - - 1_ _ _ _ _ I_ _ _ _ _ I_ _ _ _ _ I_ _ _ _ _ « ■ ^
20 40  60 80 100
T (°C)
: Temperature dependence of the displacement, 6, of 
an unbalanced Crystic 272 cross-ply laminate
i) post-cured for 1.5 hours at 130 C after storage in 
water for 5 days (•) and ii) retested after isothermal 
treatment at 100°C for 5 hours (■). (See Table 4.12.)
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In complete contrast to the effect discussed above the ingress of
moisture into a post-cured laminate at room temperature causes a reduction
in the thermal strain, see Section 2.3.1. This is illustrated in Figure 5.22
t i l
which shows the change in e as a function of time at room temperature
for a fully post-cured polyester laminate, a) immersed in distilled water,
t i l
and b) stored at 50% relative humidity. The level of e decreases 
initially linearly with the square root of time but after nine days the
t i lrate decreases and the specimen approaches a new equilibrium value of e.0.
u x
til
Immersion produces a greater decrease in e since a larger equilibrium
t Xf
moisture content, , is expected under these conditions. is generally
agreed to increase with relative humidity although the exact form of the 
dependence appears to vary for different resin systems, see Section 2.3.3.
The absorbed moisture causes swelling of the individual plies, the swelling 
transverse to the fibre reinforcement being greater than that parallel to 
the fibres (79). As a result of this anisotropic swelling the 90° ply 
increases in length axially at a greater rate than the 0° ply counter-balancing 
the thermal strain. In some cases (22-24) it has been found that moisture 
absorption completely negates the thermal strains resulting in a 
substantially strain free laminate. Indeed Hahn and Pagano (21) have 
suggested that delays in conducting mechanical tests on cross-ply laminates 
may lead to improved values of first transverse cracking strain due to 
absorbed moisture acting to relieve the thermal strains. Against this 
reduction in the level of thermal strain must be balanced the reduction 
in T^ and increased dimensional temperature sensitivity of a laminate 
containing water. In addition if such a laminate is subjected to a thermal 
cycle, eg a thermal spike, then cooling to room temperature can induce 
higher thermal strains than were present in the dry as-post-cured specimen.
155
0-4
0-3
time ( V days’)
Figure 5.22 : Change in the thermal strain, Et£> with time at 23°C
for a Crystic 272 cross-ply laminate post-cured for 1.5 hours 
at 130°C i) during immersion in distilled water (■) and
ii) on storage in air at 50% relative humidity (•) .
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C H A P T E R  6
CONCLUSIONS
6.1 Thermal Strains
The thermal strains in (0°/90^0°) cross-ply glass fibre reinforced 
epoxy laminates, obtained from the deflection of an unbalanced (0°/90°) 
beam, are consistent with those calculated from the measured expansion 
coefficients and moduli of the individual plies. The excellent agreement 
between the experimental and calculated values of thermal strain over a 
wide temperature range support the applied analysis.
The unusually high experimental thermal strains observed for polyester 
cross-ply laminates by previous workers (1) have been confirmed. These 
are attributed to an anomalous moisture effect which causes an increase 
in the expansion coefficient of the matrix resin leading to a larger 
contraction of the transverse ply which is constrained by the relatively 
water insensitive longitudinal plies.
6.2 Resin and Laminate Thermomechanical Properties
The thermomechanical properties of the polyester and epoxy resins 
exhibit significant differences. am (T) f°r the epoxy resin is largely 
independent of temperature below its glass transition, whereas <*m (T) f°r 
the polyester resin is strongly dependent on both the post-curing and 
test temperatures. On heating, the polyester resin exhibited softening 
rather than a definite glass transition and cure continued in the solid 
state leading to an increase in the softening point which reached a 
maximum value of 110°C. In contrast, the epoxy resin exhibited a classical 
glass-rubber transition, the glass transition temperature being controlled 
by the maximum temperature experienced by the resin.
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The thermomechanical properties of unidirectional glass fibre 
reinforced laminates made from the epoxy and polyester resins are consistent 
with the measured resin properties and can be predicted closely using 
theoretical equations readily available in the literature. Post-curing 
of both epoxy and polyester resin laminates produced the expected decrease 
in expansion coefficient and increase in modulus and glass transition 
temperature. This refutes the suggestion that the cure of the polyester 
resin is inhibited by the presence of glass fibres (1).
Small quantities of absorbed moisture were found to produce a 
significant increase in the expansion coefficients of the polyester resin 
and its laminates. This change in behaviour was reversible on isothermal 
heating at 100°C. The properties of the epoxy resin and its laminates were 
unchanged by small quantities of absorbed moisture.
The damping behaviour and expansion coefficients of "wet" and dry 
polyester resins and laminates support the previously reported hypothesis 
(118, 119) that free radical cured polyester resins have a two-phase 
microstructure consisting of highly cross-linked nodules in a continuous 
matrix. It is postulated that the sensitivity of the polyester resin to 
small quantities of absorbed water results from differential plasticization 
of these two phases as opposed to preferential water absorption by one 
phase. This is supported by the appearance of a moisture sensitive low 
temperature damping peak in the loss tangent/T curve with only a small 
decrease in the major damping temperature.
The transverse expansion coefficients of cold-cured and partially 
post-cured polyester laminates measured through the thickness, are
larger than those measured in the plane of lamination, at2* An anisotropic 
internal strain state is postulated to explain this effect which is believed 
to be caused by continued curing of the resin in the solid state while under
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load. In specimens post-cured at temperatures above 110°C these strains
are relieved and the difference between and is absent.
6.3 Further Work
The following areas are identified for further study.
1) A study of the water absorption of Crystic 272 polyester resin aimed
at identifying more clearly the reasons why its physical properties
are so sensitive to absorbed water.
2) The development of an etching or Transmission Electron Microscopy 
technique to obtain direct evidence for the two-phase microstructure 
postulated for the polyester resin.
3) A comparative study of the thermomechanical behaviour of several
polyester resin systems to identify those with the least temperature
and moisture sensitivity which could be used to produce cross-ply 
laminates with lower thermal strains. Such a study would also help 
identify which variables control the thermal expansion and moisture 
sensitivity of such resins.
4) The use of an independent method to measure the thermal strains in 
cross-ply laminates to confirm the values obtained from the unbalanced 
laminate beams used here. The use of embedded strain gauges as 
developed by Daniel and co-workers (18,19,20) is suggested.
5) A study of the anisotropic transverse expansion of cold-cured and 
partially post-cured polyester laminates aimed at identifying the 
mechanism responsible for this effect. This appears to be an 
unreported area of research in fibre composites and a further study 
may enable previously inexplicable moisture swelling results (65) 
to be understood.
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APPENDIX A : Corrections to Parvizi Thermal Strain Equation
-O ..o ~o0 90 0
t£
>< b >< 2d
XI
Figure A1
Consider a balanced (0^/90°/0°) laminate cooled from a temperature 
to a temperature where AT = (T^ - T2) and is positive. If unconstrained
the longitudinal and transverse plies will exhibit new lengths £. and £Xj u
given by:
, - £c (1 - AT)
*t = lo (1 " “t AT)
(Al)
(A2)
where £ is the original length and a0 and a are the thermal expansionO ^ u
coefficients of the 0° and 90° plies in the £ direction.
When the plies are bonded together they will be constrained to the 
same length £Q. Thus the thermal strain in each ply is given by,
_th
'££
.th
t£
V
I - I.
(A3)
(A4)
thnote, since a > a then £. > £ > £ and e 0, the thermal straint JG x* c c tJc
in the transverse ply in the £ direction will be positive (ie tensile)
167
t i lwhile that in the longitudinal ply, e^, in the same direction will be 
negative (ie compressive).
Rearranging and combining A3 and A4 and substituting A1 and A2 for 
£^ and £ yields:
G££ (1 ” aSL AT) “ Gt£ (1 ” “t AT) = (a£ ” aP  AT ( A5)
Balancing Forces in the £ direction for the (0°/90o/0°) laminate gives
E£ eu  A£ + Et et£ At = ° <A6>
where, and Et are the moduli of the 0° and 90° plies in the £ direction
and the ply cross-sectional areas are A^ = 2 be and A t = 2 dc.
For thermal strains only,
EJt eu  b ■ - Et d <A7>
Rearrangement and combination of A5 and A7 yields, 
th = E b (o - a ) AT
t£ ----------------------------------  v J
Et d (1 - cx£AT) + Ea b (1 - ot AT)
Comparison of A8 with 3.5 (and 5.7) reveals the additional terms (1 - a^T)
and (1 - at AT) which are not mentioned in the original derivation by
Parvizi (3). Fortunately the terms a AT and a. AT are very small compared 
to 1 so that A8 may be rewritten without significant error in its usual form,
Eth . E£ b (at - y  AT (A9)
Et d + Et b
which is the original equation of Parvizi.
Note: Parvizi defined At as negative on cooling resulting in a negative
sign appearing in her original equation.
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APPENDIX B : Calculation of Postulated Constrained Resin Layer Thickness
For a unidirectional glass-fibre reinforced polyester laminate 
post-cured at 50°C for 15 hours the following properties were measured at 
30°C:
a = 
m 75 X io-6 K'1 9
E
m 3.25 GPa 9
°A =
18 X io-6 K"1 9 w rt
II 9.5 GPa 9
atl =
00 X io-6 K"1 * V = m 0.43 9
at2 = 68 X io'6 K-1 9
n> 0.34 9
The difference between the two transverse expansion coefficients 
was postulated to result from a constrained resin layer on the surface of 
the laminate. In the following the thickness of the constrained resin layer 
that would be required to explain the observed difference between and °t2 
is calculated. This is based on a model consisting of a transversely 
isotropic laminate layer with surface layers of pure resin as shown in 
Figure Bl.
The measured through-thickness transverse expansion coefficient, 
will be given by,
°ti = P “t + (1- p> °«ti (B1)
and hence P = (otl - <xmtl) / (at - cc^) (B2)
Thus laminate thickness fraction,P,and thickness of the resin layer 
thickness, (1 - P)/2, can be calculated when values of a  ^ and at
are known.
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P + Q = 1
P
. V- .
Resin
- - ------- -
. / * \ • . * 
' *• . * .** *, • ’•
xtl.
>f
^Transversely 
isotropic laminate layer
tl *
Z
t2
t2
Figure B1
Assuming the resin layer conserves its volume then,
Y = 3 a = a . , + a t.0 + a n'm m mtl mt2 mil (B3)
where amt >^ amt2 an<* amil are t*ie constra^ne^ expansion coefficients 
of the resin in the tl, t2 and Z directions respectively and is the 
expansion coefficient of the bulk unconstrained resin. If the resin 
layer is constrained in the t2 and Z directions by the underlying laminate 
then ctmt2 “ at 2 anc* am£ = a£* Rearranging B3 and substituting for
“mt2 and “m* 8ives’
“mtl = (3 o m - V  “t2^ (B4)
From the laminate properties given above,
amtl = 3 (75) - 18 - 68 = 139 x 10~6 k "1
at of the isotropic laminate layer can be estimated by one of several 
methods. As a first approximation can be taken as the measured at2»
A better estimate of at can be obtained by recognizing that a 2 can be 
calculated from the modulus-modified law-of-mixtures, thus,
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E (1 - P) a + E. P a 
°t2 =-- -2----------- 2--------1---- 1 (B5)
E (1 - P) + E„ P m t
and hence,
*t = ( ttt2 (Em (1 - P) + Et P ) - Em <L - P> (B6)
Et P
Alternatively at can be calculated from the equation of Schapery,
a = (1 + v ) V a + (1 + vf) Vf - a v (B7)
t m m m  r r r x, c
which for this laminate gives ot = 66 x 10- ^  K Indeed these three
methods give as 67 j+ 1 x 10  ^K
Substitution of and into B2 gives
P = (84 - 139) / (67 - 139) = 0.76
Thus the constrained layer would need to be at least 24% of the total 
laminate thickness, ie 12% on each side. This represents layers 0.3 mm thick 
on a 3 mm thick specimen which is inconsistent with microscopic observation 
of transverse sections. Thus these calculations imply that a resin layer 
is not responsible for the observed difference between a and at2 *
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APPENDIX C- : Thermal Poisson Strain
When considering the induction of thermal strain in balanced (0°/90°/0°) 
laminates the thermally induced Poisson strains which develop are normally 
ignored. These are analogous to the Poisson strains identified by Parvizi 
(3) which are responsible for the longitudinal splitting of the 0° plies 
observed experimentally in cross-ply laminates at large applied strains (4). 
The following has been derived to enable the magnitude of such thermal 
Poisson strains to be examined.
Consider half of a symmetric (0°/90°/0°) laminate, as shown in 
Figure Cl.
For unconstrained plies, an applied strain in the longitudinal
A
ply in the £ direction £^  results in a free Poisson contraction in 
FPthe t direction e . The two strains being related by the Poisson
X/ u
ratio of the longitudinal ply Thus,
(Cl)FP Ae£t ” V£t E££
and for the transverse ply,
FP A
Ett ’ Vtt et£ (C2)
A A
note, under normal loading = et£ which is the case already
examined by Bailey et al (4).
As a result of the applied strain, the unconstrained plies will 
decrease in width to new widths and where
w£ ■ w0 (1 ■ v  (c3)
Wt = Vo (1 - V <C4>
172
90
Figure Cl
If the plies are bonded then the composite will have an equilibrium 
width Wc and a strain will develop in each ply in the transverse direction:
RP
:£t
W - W„c i
W.
( C5 )
RP
:tt
W -c t
W
( C6 )
RPwhere £ is the strain resulting from the restrained Poisson contraction 
of each ply.
Rearranging C5 and C6 to eliminate W Q and replacing and Wt with 
C3 and C4 produces the relationship,
RP f. A % RP A N , ■ A A s /  _ \
e£t  ^ ” it Zi9? “ £tt  ^ “ Vtt et£ “ £t Zii “ Vtt et£ ^
(note: This is the more general form of Parvizifs equation 5.5.2 in 
reference (3).)
Balancing forces in the t direction and considering only Poisson strains gives,
* ■ - Ett d (C8)
L73
RP RP
Combining C7 and C8 and eliminating either e or results in
the following two equations:
4  “ ” Et b <vg.t eM  ~ Vtt   ( C9)
E* d (1 - v*t 4)+ Etb (1 - vt 4>
and
e** = E* d (V EU -  Vtt 4  > (C10>At Et b (1 - vit 4> + Et b (l ■ vt 4>
A A A
note when and ve is small CIO is identical to equation 5.5.3
of Parvizi (3) and equation (6) of Bailey et al (4).
A. tli tli
Replacing and with thermal strains and e enables
the resulting Thermal Poisson strain in the t direction to be determined.
For a balanced laminate with,
, , th P th P , th P th Pb — d . £ = e „ „ and e = e
* tt AA At tA
The sign of these thermally induced Poisson straiiswill be opposite 
to the thermal strains in the same ply and direction so that the total 
strain in any ply will be less than that predicted solely by the thermal 
strain equations of Parvizi. However the thermal Poisson strains which 
develop in glass fibre cross-ply laminates are an order of magnitude
smaller than the thermal strain and represent only a minor modification
to the total thermal strain in any ply. It is noted however that in 
carbon fibre laminates the level of Thermal Poisson strain is expected 
to be larger due to the large anisotropy in the Poissons ratio of the fibres 
and laminae.
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